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Appliquée ou fondamentale, la recherche est une question de curiosité.
-Yves Chauvin
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ABSTRACT
The reaction of the tetraphosphine ligand rac-et,ph-P4 (et,ph-P4 =
PEt2CH2CH2(Ph)PCH2P(Ph)CH2CH2PEt2) with 2 equiv. of [Rh(nbd)2]+ (nbd =
norbornadiene) generates [rac-Rh2(nbd)2(et,ph-P4)]2+, which is the precursor to a highly
active and regioselective hydroformylation catalyst system. The “key” catalyst species
generated under H2/CO pressure has been proposed to be the dihydrido complex [racRh2H2(μ-CO)2(et,ph-P4)]2+, and represents one of the most dramatic example of
homobimetallic cooperativity in homogeneous catalysis. The addition of even small
amounts of PPh3 to this dirhodium tetraphosphine catalyst causes a dramatic drop in the
aldehyde linear-to-branched regioselectivity (25:1 to 3:1) in acetone solvent (90 oC, 6.1 bar,
1-hexene). Catalytic results are presented for differing amounts of added PPh3, along with
comparisons to the monometallic Rh catalyst family, HRh(CO)x(PPh3)y (x = 1-3; y = 3 – x),
generated from PPh3 and Rh(acac)(CO)2 (acac = acetylactonate). The results point to the
extremely effective inhibition of the regioselective bimetallic hydroformylation mechanism
and the formation of an inefficient monometallic catalyst cycle, but not fragmentation to
generate free HRh(CO)(PPh3)2 catalyst.
The deactivation of the dirhodium catalyst by CO has been previously
demonstrated, and in situ NMR spectroscopic studies have indicated that facile
fragmentation is occurring at 90 oC under H2/CO pressure, but also at 25 oC, albeit at a
slower rate, which can lead to complete catalyst deactivation. We are trying to address this
problem through the design of a novel, far more strongly chelating tetraphosphine ligand
rac-et,ph-P4-Ph (et,ph-P4-Ph = PEt2(o-C6H4)P(Ph)CH2(Ph)P(o-C6H4)PEt2). Extensive
experimentation has been conducted toward the preparation of this ligand via various

xxiv

synthetic routes centered around sequential deprotonation/alkylation reactions, Grignardmediated substitutions, aromatic nucleophilic substitutions, and palladium-catalyzed
phosphorus-carbon coupling reactions. While these synthetic strategies have given some
encouraging results, the new tetraphosphine ligand has been successfully prepared via the
rather simple and efficient Grignard-mediated phosphorus-carbon coupling reaction of
ClP(Ph)CH2(Ph)PCl with PEt2(o-C6H4)MgBr. The nature of the ligand has been confirmed
and characterized by single crystal X-ray crystallography as the nickel complex mesoNi2Cl4(et,ph-P4-Ph).
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CHAPTER 1: INTRODUCTION
1.1.

Hydroformylation of Alkenes
Since its accidental discovery in 1938 by Otto Roelen at Ruhrchemie,1.1 the

hydroformylation reaction (also referred to as “oxo” process) has developed into the largest
catalytic industrial process in use today.1.2 Hydroformylation is the transition metalcatalyzed reaction of carbon monoxide and hydrogen with an alkene to generate a mixture
of linear (normal) and branched (iso) aldehydes. The best hydroformylation systems are
designed to achieve high ratios of linear to branched aldehyde products while minimizing
the side reactions which generate alkene isomerization products (internal alkenes) and
alkene hydrogenation products (alkanes), as shown in Scheme 1.1.

Scheme 1.1. General scheme for the hydroformylation reaction.
More than 6 million tons of aldehydes are produced each year via this process.
Industrially, the aldehyde products are typically hydrogenated to alcohols or oxidized to
carboxylic acids. The two major industrial products, derived from propene, are 1-butanol
and 2-ethylhexanol. Butanol is used in many applications as a solvent, while 2ethylhexanol is mainly used in phthalate esters that are plasticizers in PVC.1.3 The early
work on hydroformylation involved the use of cobalt catalysts at high temperatures (150200 oC) and pressures (200-400 bar), and gave low product selectivities (linear to branched
ratio of about 2:1 to 4:1).1.2d

1

In the late 1960’s, Osborn, Wilkinson and Young made a startling discovery that
hydroformylation could be conducted with far superior activity and selectivity using a
HRh(CO)(PPh3)2 catalyst under much milder conditions (60-120 oC, 5–25 atm 1:1
H2/CO).1.4 Since this breakthrough, industry has embraced their discovery, and about 75%
of commercial hydroformylation processes are currently based on rhodium catalysts which
utilize arylphosphine or phosphite ligand systems with various steric and electronic ligand
effects aimed at enhancing the rate and the aldehyde product selectivity while minimizing
the side reactions.
1.2.

Cobalt-Catalyzed Hydroformylation
Although cobalt-catalyzed hydroformylation was discovered by Roelen, it was the

work of Heck and Breslow that shed light on the mechanistic intricacies of this important
catalytic reaction.1.5 In 1961 they proposed what is now generally accepted as the correct
mechanism for HCo(CO)4-catalyzed hydroformylation (Scheme 1.2).

Scheme 1.2. Heck-Breslow hydroformylation mechanism.

2

The mechanism proceeds through basic steps including generation of a
monometallic cobalt hydride species from a bimetallic cobalt carbonyl species, alkene
coordination to the metal center, alkene insertion into the metal-hydrogen bond to produce
an alkyl complex, formation of the acyl complex via migratory insertion of CO into the
alkyl-metal bond, oxidative addition of molecular hydrogen (H2), and the final reductive
elimination of aldehyde and regeneration of the active catalyst species. This catalyst was
widely used in the industry until the mid-seventies when the work of Wilkinson1.4 and
Pruett1.6 (at Union Carbide) prompted industries to use the rhodium/PPh3 catalysts due to
their superior activity and selectivity. It is interesting to note that cobalt catalysts have not
disappeared from industrial processes as they are still used for the production of detergent
alcohols due to their propensity to generate sufficient amounts of linear products from
internal higher alkenes via alkene isomerization.1.3
1.3.

Modified Rhodium Catalysts
Inspired by the groundbreaking work of Wilkinson and co-workers, many industries

began to use rhodium/PPh3 catalyst systems. The generally accepted mechanism for
Rh/PPh3-catalyzed hydroformylation is shown in Scheme 1.3. Essentially all the steps
involved in this catalytic cycle are similar to those proposed by Heck and Breslow for the
cobalt monometallic system, with PPh3 ligands in lieu of the two carbonyls to provide
better electronic and steric control over the reaction.
This system has been extensively studied and has been one of the most widely used
commercial hydroformylation processes to date. Pruett and co-workers1.6,1.7 at Union
Carbide have been instrumental in bringing this process to commercial application. They
discovered that the use of rhodium with excess PPh3 ligand (at least 400 equivalents with
respect to the typical 1 mM rhodium concentration used in industrial reactions) generated
3

an active, selective and relatively stable catalyst system at 80–150 psig and 90 oC. The need
for excess phosphine arises from the facile Rh-PPh3 dissociation equilibrium shown in
Scheme 1.4.1.6,1.7

Scheme 1.3. Rh/PPh3-catalyzed hydroformylation mechanism.

Scheme 1.4. Facile Rh-PPh3 dissociation equilibrium.
Loss of PPh3 from HRh(CO)(PPh3)2 generates a considerably more active, but less
regioselective hydroformylation catalyst. The addition of excess PPh3 shifts the phosphine
dissociation equilibrium back toward the more selective HRh(CO)(PPh3)2 catalyst. It also
stabilizes the Rh complex by minimizing the formation of unsaturated 14 electrons
complexes that promote Rh-induced fragmentation of the PPh3 ligand which, ultimately,
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leads to the formation of phosphido-bridged Rh dimers and clusters, which are poor or
inactive hydroformylation catalysts.1.8
Steric and electronic properties of a ligand can drastically influence the activity and
selectivity of the hydroformylation reaction. Electron donating ligands, such as
alkylphosphines, usually lead to very slow catalysts1.9 while poorer electron donating
ligands, such as arylphosphines, or electron-withdrawing ligands such as phosphites or CO
give a faster catalytic reaction.1.10 The reason behind the slower catalytic activity of
alkylphosphine ligands lies in an increase of the π-backbonding from the rhodium metal
center to the carbonyl ligands, thus leading to a strengthening of the Rh-CO bond and
stabilization of 5-coordinate saturated 18 electron complexes that are catalytically inactive.
Phosphite ligands, initially introduced by Pruett,1.6. are better π-acceptors than phosphines
and thus result in higher turnover frequencies, but they usually offer poor regioselectivity
and are more sensitive to fragmentation side reactions such as hydrolysis and
alcoholysis.1.11 Additionally, these ligands are also prone to Rh-induced fragmentation that
leads to catalyst deactivation.
Fine-tuning the ligand steric effects allows considerable control over the
regioselectivity of the catalysis. More sterically demanding ligands favor the production of
higher linear to branched aldehyde product ratios. But the selectivity is only limited by the
steric hindrance generated by the bulky ligand, and phosphine ligands that are too bulky,
like PCy3, can form HRh(CO)(PR3)2 catalysts that are too sterically crowded to allow
coordination of the alkene substrate. This favors the formation of species containing a low
number of PR3 ligands, such as HRh(CO)2(PR3). The higher proportion of CO ligands leads
to electron deficient rhodium center and thus enhanced dissociation of CO from the
complex producing a far more active, but far less selective catalyst species.
5

The key role of the intermediate species HRh(CO)(PR3)2, with coordination of two
sterically directing phosphine ligands on the catalyst, has logically led to the study of
diphosphine ligands. Such ligands greatly facilitate the formation of relatively stable
HRh(CO)(PR3)2 complexes. Favorable effects of diphosphines were first reported in 1966
by Iwamoto,1.12 but common chelating bisphosphine ligands, such as Ph2PCH2CH2PPh2
(dppe), have since been known to give catalysts with negligible activities, very low
selectivities and numerous side reactions.1.13 In 1987, a breakthrough was reported by
Devon1.14 from Eastman Texas with the development of the Rh/BISBI hydroformylation
catalyst system which gave high l:b ratios of about 80:1. More recently, van Leeuwen
developed the Xantphos family of ligands, which give moderate activity and high
selectivity1.15 (Figure 1.1)

Figure 1.1. Bisphosphine ligands BISBI and Xantphos.
1.4.

Multimetallic Hydroformylation Catalysts
Improvements in hydroformylation catalysis have historically been investigated

through the development of novel phosphine and phosphite ligands with tailored electronic
and steric properties which aim at facilitating the required steps of the hydroformylation
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catalytic cycle. An alternatenovel approach has emerged that relies on the use of bimetallic
metal complexes and the concept of multi-center cooperativity. There have been numerous
reports on dimer and cluster catalysis for hydroformylation. The early work of
Muetterties,1.16 with his proposed cluster-surface analogy published in 1975, certainly acted
as a catalyst in this area of research. Cobalt and rhodium carbonyl dimers and clusters were
soon reported to produce viable homogeneous catalyst precursors for hydroformylation.
Indeed, such systems possess numerous potential advantages such as the ability to facilitate
multi-electron transfers, the capacity to form weak metal-metal bonds that can stabilize
mechanistic steps such as oxidative addition or reductive elimination, and the potential of
mixed metal systems where the differing properties of two different metal centers can be
used to facilitate various steps in the catalytic cycle.
One of the very first proposed examples of bimetallic cooperativity came from
Heck in 1961. While his monometallic mechanism for HCo(CO)4-catalyzed
hydroformylation has been widely accepted as the reference in hydroformylation catalysis,
he also suggested, but did not favor, an alternative bimetallic pathway (Scheme 1.2) in
which the intermolecular hydride transfer from HCo(CO)4 to Co(acyl)(CO)4 leads to
reductive elimination of aldehyde and formation of Co2(CO)8 as shown in Scheme 1.5.1.5
Diverse mechanistic studies performed by Bergman, Norton, Halpern and Markó1.17 have
demonstrated the possibility of intermolecular hydride transfers to take place between
metal-hydride and metal-acyl species under high concentration conditions to eliminate
aldehyde products. Polymetallic cooperativity in hydroformylation has therefore centered
around the use of inter- or intramolecular hydride transfers to accelerate the reductive
elimination of aldehyde products.

7

Scheme 1.5. Proposed bimetallic pathway for cobalt-catalyzed hydroformylation.
However, the bimetallic pathway was not favored by Heck due to the relatively low
concentrations of the bimetallic species involved, and subsequent kinetic and spectroscopic
studies supported the prevalence of the monometallic mechanism.1.18,1.19
Pittman and co-workers1.20 reported in 1977 the hydroformylation of 1-pentene by
cobalt clusters containing three or four cobalt centers, and they demonstrated that
fragmentation to HCo(CO)4 was not occurring. However, the aldehyde regioselectivities
were rather low (l:b of 5:1) and the pressures utilized were a relatively high 400 to 1100
psig. Süss-Fink and co-workers1.21 have reported very high product aldehyde
regioselectivities with [HRu3(CO)11]-. The cluster catalyst has linear to branched
regioselectivities of 70:1 for the hydroformylation of propylene, but it performs the
catalysis at an extremely low rate (50 turnovers in 66 h at 10 bar H2/CO). The very low
selectivities and/or low activities of these systems have rendered them impractical and
obsolete when faced with the best monometallic cobalt or rhodium hydroformylation
systems. Additionally, these systems have failed to produce strong evidence that bi- or
polymetallic cooperativity was indeed occurring.
1.5.

Tetraphosphine-Based Dirhodium Catalyst
One strategy employed in producing bimetallic cooperativity in hydroformylation

catalysis is to tether two rhodium centers together via bridging phosphine ligands, which
have less preference for chelating a single metal atom. An intramolecular hydride transfer,
analogous to the intermolecular hydride transfer proposed by Heck, enhanced by the
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proximity of the two metal centers, could then be favored. This concept is exemplified by
the tetraphosphine-based dirhodium system developed by Stanley,1.22 which is also the only
known example of an active and highly selective bimetallic hydroformylation catalyst
system believed to work via bimetallic cooperativity.1.23-1.26 Stanley designed the
tetraphosphine ligand Et2PCH2CH2(Ph)PCH2P(Ph)CH2CH2PEt2, et,ph-P4, to chelate two
metal centers via a single, conformationally flexible, methylene bridge. The ligand is chiral
at the two internal phosphines and its preparation (Scheme 1.6) leads to the formation of
two diastereomeric forms, meso- and racemic, which retain their diastereomerism when
bound to two metal centers, as shown in Figure 1.2.

Scheme 1.6. Preparation of the diastereomeric forms of et,ph-P4.

Figure 1.2. Retention of conformation of et,ph-P4 upon coordination to metal.
The flexibility provided by the methylene bridge allows the bimetallic complex to
exist in either open- or closed-modes where the metal centers are separated by 5-7 Å1.22c
and < 3 Å1.22b respectively. The reaction of rac-et,ph-P4 with 2.0 equivalents of
[Rh(nbd)2]BF4 (nbd = norbornadiene) produces [rac-Rh2(nbd)2(et,ph-P4)](BF4)2, 1r, which
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is a precursor to a highly active and regioselective bimetallic hydroformylation catalyst
species (Figure 1.3).

Figure 1.3. Catalyst precursor 1r.
Reaction studies on this bimetallic system, conducted at 90 oC in acetone (1 mM
rhodium catalyst) under H2/CO (1:1) pressure of 90 psig using 1-hexene as the standard
alkene, have provided remarkable results. Initial studies1.23 were conducted without
preliminary purification of 1-hexene, and the presence of peroxide impurities resulted in
the deactivation of about half of the dirhodium catalyst resulting in an initial turnover
frequency (TOF) of 10 min-1 as compared to the higher activity obtained upon purification
of 1-hexene with initial TOF of 20 min-1.1.25 In both cases, a very high aldehyde l:b ratio of
25:1 was obtained (alkene isomerization and hydrogenation side products of 2.5% and
3.4% respectively). This combination of high activity and high product regioselectivity is
superior to most of the best monometallic systems known.
This is clearly true when using the commercial Rh/PPh3 system which only gives
initial TOF of 13 min-1 and aldehyde l:b ratio of 9:1. In the case of the Rh/PPh3, an excess
PPh3 (0.4M PPh3, or 400 equivalents with respect to rhodium catalyst content, which is
typical of an industrial process) is added in order to generate the active and selective
catalyst species HRh(CO)(PPh3)2 as discussed earlier. Stanley’s bimetallic system, on the
other hand, does not require any excess phosphine ligand in order to maintain its selectivity
10

or stability. This is due to the chelating and strong electron donating properties of the racet,ph-P4 ligand which should coordinate strongly enough to the rhodium centers so that
excess phosphine is not required.
It is interesting to note that the racemic dinuclear complex is over 20 times faster
for the hydroformylation of 1-hexene than the meso catalyst and gives higher product
regioselectivity and fewer side reactions (initial TOF of 0.9 min-1, l:b of 14:1, alkene
isomerization and hydrogenation products of 24% and 10% respectively).1.23 The higher
rate of the racemic system is proposed to arise from the ability of the racemic complex to
readily form the closed-mode edge-sharing bioctahedral-like species [rac-Rh2H2(μCO)2(CO)2(et,ph-P4)]2+, 2r, (Figure 1.4), which favors bimetallic cooperativity in the form
of an intramolecular hydride transfer that leads to aldehyde product elimination (Figure
1.5).

Figure 1.4. Proposed dirhodium catalyst [rac-Rh2H2(μ-CO)2(CO)2(et,ph-P4)]2+, 2r.
The terminal CO ligands are extremely labile.
The meso catalyst, with the two cisoidal phosphine arms, can do an intramolecular
hydride transfer, but cannot easily generate the lower energy closed-mode intermediate
species (Figure 1.5). The importance of complex 2r in the bimetallic hydroformylation
reaction has been investigated by in situ FT-IR spectroscopy,1.24 and it was found that the
catalyst activity appears to directly correlate to the intensity of the bridging carbonyl bands

11

in the IR spectrum. High pressure NMR spectroscopic studies,1.24,1.27 along with DFT
calculations (Density Function Theory) performed by Wilson,1.28 have also provided data
that points to the nature of species 2r as the “key” active catalyst in the hydroformylation
reaction.

Figure 1.5. Intramolecular hydride transfer in racemic and meso catalysts.
At the heart of the bimetallic hydroformylation catalysis lie two proposed bimetallic
cooperativity steps which are presented in the proposed mechanism shown in Scheme 1.7.
The resting state of the catalyst under CO pressure is believed to be the open-mode
dirhodium pentacarbonyl complex [rac-Rh2(CO)5(et,ph-P4)]2+, 3r, which has been
crystallographically characterized.1.29 This complex can undergo oxidative addition of H2
on the 16 electron square-planar rhodium center to generate, upon dissociation of CO, the
mixed Rh(I)/Rh(III) (16e-/16e-) oxidation state species A.
An intramolecular hydride transfer between the two rhodium centers constitutes the
first critical bimetallic cooperativity step and generates the metal-metal bonded terminal
dihydride Rh(II) “key” catalytic species 2r via the bridged intermediate 2r*. Complex 2r
can readily dissociate a highly labile terminal CO ligand and upon coordination of an
alkene ligand generate species B. Migratory insertion of the alkene into the hydriderhodium bond produces the alkyl complex C, which can then coordinate a CO ligand and
12

perform a migratory insertion of CO into the alkyl-rhodium bond yielding the acyl complex
D. At this point, the second key bimetallic cooperativity step is proposed to come into play
with intramolecular hydride transfer to reductively eliminate the final aldehyde product and
form the transient CO-bridged complex [rac-Rh2(μ-CO)2(CO)2(et,ph-P4)]2+, 4r*, which can
also react with CO to reform 3r, or directly react with H2 to form 2r*.

Scheme 1.7. Proposed bimetallic hydroformylation mechanism.
The combination of the relative rigidity of complex 2r and the steric effects on the
et,ph-P4 ligand and catalyst1.26 confers the high aldehyde product regioselectivity observed
for the racemic catalyst. Unlike a typical monometallic d8 square-planar complex, 2r
cannot distort to a trigonal bipyramid or square pyramid structure upon alkene
coordination, mainly because of the Rh-Rh bond and bridging CO ligands which prevent
any significant movement of the ligand environment away from the alkene (Figure 1.6).
Thus, minimizing the geometric reorganization about the rhodium maximizes the steric
13

effect of the et,ph-P4 ligand, which directs the alkene insertion into the Rh-H bond in favor
of a linear alkyl group, ultimately leading to formation of the linear aldehyde product.

Figure 1.6. Alkene binding site models for mono-and bimetallic catalysts.
Evidence of the proposed bimetallic cooperativity was provided by several studies
using model mono-and bimetallic catalyst precursors and 1-hexene as substrate.1.23 With
monometallic [Rh(nbd)(P2)](BF4) (P2 = Et2PCH2CH2PEt2, Et2PCH2CH2PMePh,
Et2PCH2CH2PPh2, or Ph2PCH2CH2PPh2) catalyst precursors, very poor hydroformylation
catalysts were generated with very low rate (1–2 turnovers h-1) and very low
regioselectivity (3:1 linear to branched aldehyde ratio, 50–70% alkene isomerization and
hydrogenation side reactions). As for the bimetallic model systems, the central methylene
unit in the et,ph-P4 ligand was replaced by p-xylylene or propyl groups, which aimed at
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limiting the ability of the two Rh centers to interact with one another (Figure 1.7). These
bimetallic precursors gave extremely poor hydroformylation catalysts (0.5–6 turnover h-1,
3:1 linear to branched aldehyde regioselectivity, 50-70% alkene isomerization and
hydrogenation side reactions), thus providing persuasive evidence for bimetallic
cooperativity when using catalyst precursor 1r.

Figure 1.7. Model bimetallic catalysts with p-xylylene- and propyl-modified ligands.
Recently, Aubry and Bridges1.25 further improved the results with 1r by performing
the catalysis in 30% (v/v) water/acetone solvent instead of pure acetone, which resulted in a
considerable rate increase (initial TOF of 73 min-1) along with a substantial increase in the
aldehyde product regioselectivity (l:b ratio of 33:1) and a decrease in the side reactions
(alkene isomerization and hydrogenation). The effect of water on the activity of the
bimetallic catalyst is tentatively explained by the inhibition of the fragmentation reactions
(the mechanism of which will be discussed in further details in Chapter 3) that lead to the
formation of the inactive catalytic species 5 and 6 (Figure 1.8).1.25,1.26

Figure 1.8. Proposed structure for fragmentation products 5 and 6.
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The in-depth understanding of the bimetallic hydroformylation mechanism is a key
element for the improvement and modification of the current process. A study of the effect
of added PPh3 on the dirhodium system was conducted, leading to further insight into the
mechanism of catalyst fragmentation and deactivation. Ligand fragmentation is a common
and all too real issue faced by mono-and bimetallic systems alike that leads to less active
and less selective systems, and ultimately catalyst fragmentation and complete
deactivation. We believe this problem could be circumvented by using a more rigid and
stronger chelating tetraphosphine ligand. This has prompted us to propose the design of a
novel tetraphosphine ligand which holds the promise of faster and more regioselective
hydroformylation catalysis. The synthetic strategies employed in its preparation are
presented in Chapter 3, and led to improved syntheses of modified and new diphosphine
compounds.
1.6.

Conclusions
New and stricter EPA regulations, as well as more constraining product

specifications dictated by the customers, have fuelled constant competition among
industries for the development of more cost-effective, more efficient and environmentally
friendly hydroformylation catalyst systems. Improvements are being made through: (a) the
development of novel phosphine and phosphite ligands aimed at increasing current catalyst
stability, activity and regio/chemoselectivity, and (b), through improvement of industrial
processes which seek full containment of the costly rhodium metal via optimum and facile
separation of the aldehyde product from the catalyst and the alkene feedstock.1.30
Although important progress has been made in the elucidation of the
hydroformylation mechanism of Stanley’s dirhodium catalyst system, the bimetallic
mechanism is not yet fully understood and more in situ spectroscopic studies, as well as
16

DFT calculations, are planned or underway. Novel applications for this system have been
discovered and include the ability to perform direct hydrocarboxylation of alkenes to
carboxylic acids and reduction of aldehydes to alcohols. These applications provide
evidence of the high versatility of the dirhodium system and are currently under
investigation.
1.7.
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†

CHAPTER 2: THE UNUSUAL INHIBITORY EFFECT OF ADDED PPh3 ON A
DIRHODIUM HYDROFORMYLATION CATALYST2.1

2.1.

Introduction
The dicationic dirhodium tetraphosphine “key” catalyst species [rac-Rh2H2(μ-

CO)2(CO)2(et,ph-P4)] (et,ph-P4 = Et2P(CH2)2P(Ph)CH2(Ph)P(CH2)2PEt2), 2r, generated in
situ (90 oC, 6.1 bar H2/CO, acetone) from [rac-Rh2(nbd)2(et,ph-P4)](BF4)2 (nbd =
norbornadiene), gives rise to high activity and aldehyde product regioselectivity in the
hydroformylation of 1-alkenes.2.2,2.3
Over the years, there have been few reports on systems proposed to work via a
homobimetallic cooperativity mechanism, and in most cases, tangible evidence of such
bimetallic cooperativity has failed to be materialize.2.4 One of the earliest postulates for
homobimetallic cooperativity came from Heck with his HCo(CO)4 system,2.5 as it was
initially proposed to operate via an alternate bimetallic pathway, but subsequent kinetic and
spectroscopic studies have proven otherwise.2.6
Of particular interest is the unusual thiolate-bridged dirhodium system
Rh2(μ-PR)2(CO)4, developed in 1983 by Kalck and co-workers.2.7a Indeed, they reported
the hydroformylation of alkenes with high activity and product regioselectivity using this
system which was proposed to operate via a homobimetallic cooperativity mechanism.2.7b
The unusual aspect of this system tied into the necessity to add excess PPh3 in order to
generate the active and selective catalyst. An undiscussed problem, however, was that the
activity and regioselectivity of this “bimetallic” catalyst mirrored that of HRh(CO)2(PPh3)2.
Some excess PPh3 was proposed to be needed to keep the bimetallic catalyst in the active

†

Reproduced from C. R. Chimie, 5(5), Aubry, D. A.; Monteil, A. R.; Peng, W.-J.; Stanley, G. G., The unusual
inhibition of a dirhodium-tetraphosphine-based bimetallic hydroformylation catalyst by PPh3, 473-80,
Copyright (2002), with permission from Elsevier.
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Rh2(μ-SR)2(CO)2(PR3)2 state, because the tetracarbonyl substituted bimetallic species
Rh2(μ-SR)2(CO)4 was inactive. The postulated bimetallic mechanism proposed by Kalck is
shown in Scheme 2.1. The mechanism relies on two intramolecular hydride transfers, the
first one leading to the formation of the Rh-alkyl complex, and the second transfer assisting
in the elimination of the aldehyde product.

Scheme 2.1. Proposed mechanism for Kalck’s dirhodium system.2.6b
However, it has been subsequently shown that Kalck’s dirhodium complex readily
fragments even under mild conditions,2.8 and that PPh3 simply assists in producing the
active monometallic HRh(CO)2(PPh3)2 catalyst (Scheme 2.2).2.9
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We have previously demonstrated that our tetraphosphine dirhodium catalyst
system 1r, unlike Kalck’s system, operates via homobimetallic cooperativity and does not
require the addition of excess phosphine ligand in order to generate the highly active and
regioselective catalyst species 2r.2.2 Further evidence of homobimetallic cooperativity is
also provided by the fact that the racemic bimetallic catalyst has far superior activity and
product regioselectivity than the meso analog.2.2

Scheme 2.2. Fragmentation mechanism for Kalck’s dirhodium system.
The PPh3-induced fragmentation of Kalck’s bimetallic catalyst system prompted us
to study the effect of PPh3 on [rac-Rh2H2(μ-CO)2(CO)2(et,ph-P4)]2+.
2.2.

Addition of PPh3 to the Bimetallic Catalyst and Hydroformylation Results
The hydroformylation reactions were performed under the relatively mild standard

conditions (90 oC, 6.12 bar 1:1 H2/CO, acetone solvent), with [rac-Rh2(nbd)2(et,phP4)](BF4)2, 1r, as the catalyst precursor (1 mM), and 1-hexene as the alkene substrate (1 M
or 1000 equiv.). The catalytic results for the hydroformylation of 1-hexene starting with the
bimetallic precursor 1r, the monometallic precursors Rh(acac)(CO)2 (acac = acetylacetonate)
22

and [Rh(nbd)2](BF4) (nbd = norbornadiene) in the presence of varying amounts of PPh3 are
presented in Table 2.1. Minimal alkene hydrogenation side reactions (less than 1%) are
observed in all but the first catalytic runs.
The addition of 2.0 equivalents of PPh3 to the bimetallic catalyst causes a dramatic
drop in the l:b aldehyde regioselectivity from 25 to 3.1, along with a considerable reduction
in the initial TOF from 1200 h-1 to 590 h-1. Increasing the amount of PPh3 leads to steady
catalyst deactivation, until at 100 equivalents essentially no hydroformylation is observed.
This behavior is almost completely opposite to what is observed with Kalck’s bimetallic
Rh2(μ-SR)2(CO)4 system, which is inactive until PPh3 is added, and then the rate and
selectivity increase with added PPh3 (up to a point that Kalck never reported).
Table 2.1. Hydroformylation of 1-hexene.
Entry

Precursor

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Bimetallicd
Bimetallicd
Bimetallicd
Bimetallicd
Bimetallicd
Bimetallicd
Monoe
Monoe
Monoe
Monoe
Monoe
Monoe
Mono(+)f
Mono(+)f

Equivalents
PPh3a
0
0.5
2.0
5.0
10
100
0
2.0
5.0
10
100
400
10
100

Initial TOFb (h-1)
1200
660
590
320
220
0
0
2200
5300
6800
6300
700
2
300

a

Aldehyde l:b
Selectivity
25
3.4
3.1
2.9
3.2
--2.6
3.2
3.2
5.0
9.1
1.6
4.2

% Alkene
Isomerizationc
2.5
3.0
5.0
3.0
3.3
0
0
6.0
2.9
2.0
<1
<1
80
1.8

Equivalents of PPh3 added relative to the amount of rhodium catalyst precursor. bTOF =
Turnover frequency, an average of at least three consecutive runs; rates are subject to
approximately 5% error and have been rounded off to reflect this. cIsomerization.
d
Bimetallic precursor [rac-Rh2(nbd)2(et,ph-P4)](BF4)2, 1. eMonometallic precursor
Rh(acac)(CO)2. fCationic precursor [Rh(nbd)2](BF4).

23

It is interesting to note that even the addition of only 0.5 equivalents of PPh3 causes
the regioselectivity to dramatically drop by 19% and the catalyst activity to drop by almost
50%. The steady deactivation and consistently low regioselectivity of the bimetallic
catalyst system with increasing amounts of PPh3 des not fit with simple fragmentation to a
monometallic Wilkinson-type catalyst system, as was observed with Kalck’s system. This
is well illustrated by the parallel runs with the monometallic precursor Rh(acac)(CO)2 and
PPh3 (Table 2.1). Indeed, at low PPh3 ratios, one generates an extremely active, but shortlived, catalyst with relatively low selectivity. At 100 equivalents of PPh3, the catalyst
begins to slow down and the aldehyde l:b regioselectivity starts to increase. At 400
equivalents (0.4 M) of PPh3, which is a typical PPh3 concentration for a commercial
Rh/PPh3 propene hydroformylation, the catalyst initial TOF has decreased to 700 h-1, but
the l:b regioselectivity has increased to 9.1 (90%).
2.3.

Mechanistic Considerations
The l:b aldehyde regioselectivity data strongly indicate that the addition of even

small amounts of PPh3 strongly inhibits the highly regioselective bimetallic catalyst and
generates an alternate catalyst with far lower regioselectivity. The rate and regioselectivity
data, however, indicates that this alternate catalyst is not HRh(CO)4, HRh(CO)2(PPh3), or
HRh(CO)(PPh3)2, which are encountered when working with the Wilkinson system. Even
assuming that fragmentation is generating very low concentrations of a monometallic
rhodium carbonyl complex that could be intercepted by PPh3, the rate and regioselectivity
should increase as the PPh3 concentration increases within the range studied. Instead, the
bimetallic catalytic run with 100 equivalents of PPh3 is essentially inactive for
hydroformylation catalysis, which is inconsistent with fragmentation to a HRh(CO)(PPh3)2type catalyst.
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Our proposed bimetallic hydroformylation catalytic cycle is shown in Scheme 1.7
(Chapter 1), and for convenience is shown again as Scheme 2.3. The simple open-mode
dicationic carbonyl complex [rac-Rh2(CO)5(et,ph-P4)]2+, 3r, which is believed to be the
resting state of the catalyst,2.10 is subject to a very facile CO-based on-off equilibrium with
the tetracarbonyl and the transient hexacarbonyl bimetallic complexes. This equilibrium
can be explained by the localized cationic charge on each rhodium atom which
compensates for the strongly electron-donating nature of the et,ph-P4 ligand thus reducing
the CO π-backbonding and enabling facile CO dissociation. Oxidative addition of H2 to
one of the Rh centers generates the dihydride complex A. This can readily rotate to form
the bridged complex 2r*, which can then rearrange to form the symmetric Rh(II) terminal
dihydride 2r.

Scheme 2.3. Proposed bimetallic hydroformylation catalytic cycle.
The proposed edge-sharing bioctahedral structure for 2r is quite different from the
far more common D4h symmetry of dirhodium tetracarboxylate-like systems that have been
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extensively studied.2.11 For instance, Rh2(O2CR)4 and related compounds almost always
have weakly coordinated ligands in the two axial coordination sites trans to the Rh-Rh
bond. When one transforms this D4h-like structure into an edge-sharing bioctahedral
structure as seen for 2r, there are now two equivalent coordination sites, referred to as axial
sites, on each metal that are partially trans to the Rh-Rh bond and should have enhanced
lability relative to the other coordination sites (Scheme 2.4).

Scheme 2.4. Transformation of a D4h-like structure to an edge-sharing bioctahedral
structure.
CO dissociation from 2r is followed by alkene coordination to form B, leading to a
migratory insertion with the alkyl to produce the acyl complex D. This can then do a
bimetallic reductive elimination of the aldehyde to form the bridging carbonyl Rh(I)
complex 4r*, that can break open to form 3r or directly react with H2 to generate the
hydride complex 2r*. Hoffmann2.11 has calculated that a direct bimetallic reductive
elimination is formally symmetry forbidden and can have a high activation barrier. But he
also found that π-backbonding ligands such as CO, along with lower symmetries, could
substantially reduce the barrier. Wilson2.13 has recently performed high-level DFT
calculations on the dirhodium system and concluded that the bimetallic reductive
elimination of the aldehyde product was favored by the close proximity of the terminal acyl
and hydride ligands. Along with species D, the bridged-hydride complex D’ was proposed
as an alternate intermediate for the bimetallic reductive elimination step based on the DFT
calculations (Figure 2.1).
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One obvious effect of added PPh3 on this catalytic cycle would be to simply block
the empty axial coordination site on 2r formed when CO dissociates and prevent the alkene
from coordinating. This should simply slow down the catalysis and not lower the intrinsic
regioselectivity. Aside from blocking the alkene binding site, PPh3 would not seem to have
much impact on most of the other proposed catalytic steps.

Figure 2.1. Bimetallic reductive elimination (energies expressed in kcal.mol-1).
The high regioselectivity of the dirhodium catalyst is believed to arise from the
combination of Rh-Rh bond, bridging carbonyls, and Rh(II) oxidation state. These work
together to create an extremely well-defined binding site that has minimal electronic
reorganization or distortion upon coordination of the alkene to the empty axial coordination
site. This maximizes the steric directing effects of the relatively small ethyl and phenyl
groups on the et,ph-P4 ligand.
While the added PPh3 ligand probably inhibits the active bimetallic catalyst, it also
appears to short-circuit the catalyst into another structure that has low regioselectivity and
moderately low activity, but one that is eventually completely inhibited by increasing
amounts of PPh3. The most likely entry point for disrupting the formation of the Rh-Rh
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bonded complex 2r involves the starting carbonyl complex 3r. The coordination of PPh3
could easily disrupt the rotation to 2r* upon H2 oxidative addition. Molecular modeling
studies indicate that this open- to closed-mode rotation is strongly influenced by steric
effects. For example, the simple tetracarbonyl [rac-Rh2(CO)4(et,ph-P4)]2+ (or
pentacarbonyl 3r) shows no sign of rotation into a bridged-carbonyl structure like 4r*
(Scheme 2.3) in the presence of CO. Only when H2 is added do we observe rhodium
complexes with bridging carbonyls.
Indeed, the activity of the catalyst appears to directly correlate with the presence
and intensity of the bridging carbonyl bands in the IR spectrum. The modeling studies
clearly demonstrate that it is much easier for the bimetallic complex to rotate into a closedmode structure when there are two small hydride ligands present on the one rhodium center
instead of carbonyls. If a PPh3 ligand was present on one or both of the Rh atoms that could
easily sterically hinder the ability of the complex to form a closed-mode Rh-Rh bonded
structure, which we believe is necessary for the high catalyst regioselectivity and activity.
The coordination of PPh3 is also proposed to open up the bimetallic catalyst chelate
structure to form, in essence, a monometallic catalyst center with one alkylated phosphine
(PEt3) and a PPh3. This is shown in Scheme 2.5 as structure 7 for one half of 3r, although it
could, of course, happen to both sides of the bimetallic complex.

Scheme 2.5. Proposed fragmentation of 3r to a monometallic-like catalyst center.
It is important to observe that one needs to have loss of a proton in order to generate
the neutral Rh-H side of the complex. Cationic monometallic precursors such as
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[Rh(nbd)2]+, as shown in Table 2.1, typically generate terrible hydroformylation catalysts
unless one can deprotonate the resulting saturated cationic Rh(III) dihydride species (e.g.,
[RhH2(CO)2(PPh3)2]+) produced from the oxidative addition of H2.2.14 The marginal
basicity of PPh3 is barely suitable to perform this deprotonation, with 10 equivalents giving
a catalyst that is slightly active for hydroformylation, but quite good at alkene
isomerization. The addition of 100 equivalents of PPh3, however, does shift the equilibrium
towards deprotonation enough to give modest hydroformylation activity (initial TOF = 300
h-1) and dramatically reduced alkene isomerization.
The bimetallic catalyst normally avoids this cationic dihydride “trap” by
undergoing an intramolecular hydride transfer from complex A (Scheme 2.3) to ultimately
form the symmetrical bimetallic dihydride 2r. This is one of the “key” bimetallic
cooperativity steps operating in this catalyst. While PPh3 can deprotonate
[RhH2(CO)2(PPh3)2]+ when present in high enough concentrations, it probably would not
be effective for the less acidic cationic dihydride precursor that leads to 7 (and eventually
to 8) due to the more strongly donating et,ph-P4 ligand. The considerably more basic
et,ph-P4 ligand, however, may well be able to act a suitable base for this deprotonation.
Indeed, the internal free phosphine in 7 (Scheme 2.5) is well situated to act as an effective
intramolecular deprotonating agent.
These mechanistic speculations have been partially tested and verified by adding
1.1 and 2.2 equivalents of PEt3 to the neutral and cationic monometallic precursor catalytic
reactions (Table 2.2). In the case of Rh(CO)2(acac), the addition of PEt3 causes a dramatic
drop in activity and a considerably smaller to negligible drop in regioselectivity. For
example, the initial TOF with 100 equivalents of PPh3 drops from 6300 h-1 down to 450 h-1
when 2.2 equivalents of PEt3 are added, while the l:b aldehyde regioselectivity is reduced
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from 5.0 (83%) to 3.6 (78%). The deprotonating ability of 2.2 equivalents of PEt3 (one to
deprotonate, one to coordinate to the Rh) was also tested on the cationic [Rh(nbd)2]+
precursor system, and led to an increase in the initial rate by almost two orders of
magnitude, from 2 h-1 to 180 h-1. Comparing these results to the 10 equivalents of PPh3 and
1.1 equivalents of PEt3 with the neutral Rh(CO)2(acac) experiment that has an initial rate of
3100 h-1, clearly demonstrates that PEt3 is only partially deprotonating the cationic rhodium
complex and that there is an equilibrium between the cationic and neutral catalyst species.
Table 2.2. Hydroformylation model studies on monometallic systems.
Entry

Precursor

Equivalents
PPh3a

Equivalents
PEt3a

1
2
3
4
5
6
7
8
9
10

Monod
Monod
Monod
Monod
Monod
Monod
Mono(+)e
Mono(+)e
Mono(+)e
Mono(+)e

10
100
10
100
10
100
10
100
10
100

0
0
1.1
1.1
2.2
2.2
0
0
2.2
2.2

Initial
TOFb
(h-1)
6800
6300
3100
780
2000
450
2
300
180
180

Aldehyde
% Alkene
l:b
Isomerizationc
Selectivity
3.2
2.0
5.0
<1
3.1
2.0
9.1
1.5
3.0
<1
3.6
<1
1.6
80
4.2
1.8
3.3
1.7
3.1
<1

a

Equivalents of PPh3 or PEt3 added relative to the amount of rhodium catalyst precursor.
TOF = Turnover frequency, an average of at least three consecutive runs; rates are subject
to approximately 5% error and have been rounded off to reflect this. cIsomerization.
d
Monometallic precursor Rh(acac)(CO)2. eCationic precursor [Rh(nbd)2](BF4).
b

Interestingly, with 100 equivalents of PPh3 and 2.2 equivalents of PEt3, the cationic
catalyst precursor has the same initial TOF as with 10 equivalents of PPh3 and 2.2
equivalents of PEt3, but actually shows a slight decrease in the regioselectivity (by 1.1%),
along with an expected drop in the alkene isomerization. These simple model studies offer
reasonable support for the proposed formation of an inefficient monometallic-like catalyst
similar to 7.
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The essentially complete catalytic inhibition upon addition of 100 equivalents of
PPh3 is consistent with the coordination of a second PPh3 to generate a sterically hindered
HRh(CO)(η1-et,ph-P4)(PPh3)2 complex, 8 (Scheme 2.5), which should be essentially
inactive for hydroformylation catalysis. It is interesting to note that the tris-PPh3 analog of
this complex, HRh(CO)(PPh3)3, only forms under considerably higher PPh3 concentrations
and has rather facile PPh3 dissociation in order to relieve the steric strain of having three
bulky PPh3 ligands coordinated in a square planar environment. The smaller “PEt2” arm of
the et,ph-P4 ligand , however, should make the catalytically inactive complex 8
considerably more stable at lower PPh3 concentrations. The low CO pressure being used
also helps stabilize this inactive tris-phosphine complex. The inability of the simple PEt3
model system to mimic the complete inactivity observed when 100 equivalents of PPh3 are
added to 1r is reasonable given that PEt3 is certainly not the same as an η1-et,ph-P4 ligand
that has a cationic Rh(CO)3 (or PPh3-substituted) moiety coordinated to the other side, as
proposed for 8. The dramatic regioselectivity lowering effect of even 0.5 equivalent of
added PPh3 clearly points to the extremely efficient inhibition of the active and selective
bimetallic catalyst, which is probably only present in relatively small amounts compared to
the total amount of catalyst precursor being used.
2.4.

Conclusion
We have demonstrated that even small amounts of PPh3 disrupt the otherwise active

and regioselective bimetallic catalyst 2r through a combination of blocking effects that
includes coordination to the bimetallic binding site preventing alkene coordination along
with coordination to 3r that inhibits the formation of the closed-mode catalyst 2r. In
concert with this, PPh3 is also proposed to crack open 3r followed by deprotonation to form
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7, which contains the active neutral mono-hydride HRh(CO)(η1-et,ph-P4)(PPh3) species
which is moderately active for hydroformylation, but not regioselective. Continued
addition of PPh3 rapidly leads to complete catalyst deactivation by saturating the neutral
half of 7 to form 8 (Scheme 2.5). The validity of the aforementioned proposals should be
investigated in the future by in-situ NMR and FT-IR spectroscopic studies. In an attempt to
control and minimize these types of side reactions, we are designing and preparing more
strongly chelating analogs of the et,ph-P4 ligand, with one example of such ligand being
presented in Chapter 3.
2.5.
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CHAPTER 3: DESIGN AND PREPARATION OF A NOVEL TETRAPHOSPHINE
LIGAND
3.1.

Introduction
Since their inception as viable ligands for cobalt- and rhodium-catalyzed

hydroformylation,3.1 phosphine ligands have been extensively studied in homogeneous
catalysis.3.2,3.3 Their popularity in academia and industry alike is undeniable and owes to
their remarkable versatility resulting from the presence of a relatively high energy lone pair
of electrons and empty d orbitals which are both available for bonding with metal atoms.
The steric and electronic properties of these ligands can be tailored through the use of a
wide range of organic substituents at the phosphorus to obtain a suitable combination of
high catalyst activity and high product regioselectivity. Large “bite-angle”3.2 diphosphine
ligands represent the bulk of the current research conducted in homogeneous
hydroformylation catalysis. They offer more control over the regio- and stereoselectivity of
the catalytic reaction and provide stronger bidentate coordination complexes with rhodium
than that of monodentate phosphine ligands that can form a multitude of mono- and
polyligated species.
Departing from the more traditional mono- and diphosphine ligands, Stanley’s
tetraphosphine ligand rac-et,ph-P4 is designed to tether two rhodium metal centers and
generate a stereochemically favorable environment for bimetallic cooperativity (i.e.,
intramolecular hydride transfer).3.4 While the resulting catalyst system 2r has been
demonstrated to be highly active and regioselective in acetone for the hydroformylation of
1-alkenes,3.5 in situ high-pressure NMR studies have indicated that facile fragmentation
occurs under the mild catalytic conditions to generate the very poor hydroformylation
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catalysts [rac,rac-Rh2H2(et,ph-P4)2](BF4), 5, and [rac-RhH2(η4-et,ph-P4)](BF4), 6 (Figure
3.1).

Figure 3.1. Proposed dirhodium catalyst deactivation fragments 5 and 6.
A proposed route to generating 5 and 6 is illustrated in Scheme 3.1.

Scheme 3.1. Proposed fragmentation mechanism to inactive complexes 5 and 6.
This route involves the dissociation of one of the external phosphine chelate arms in 2r to
form the more active, but less regioselective, complex E, which then leads to loss of the
non-chelated rhodium atom via F to form G. Reductive elimination reactions are favored in
cases where the metal centers are electron-deficient, and the phosphine-dissociated
complex E, which has a single phosphine and two terminal CO ligands on one Rh center,
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should be quite reactive for H2 reductive elimination to generate F. The transient
monometallic complex G can dimerize to form the double-ligand dirhodium complex 5, or
the rac-et,ph-P4 ligand can wrap around a single rhodium and ultimately form the η4coordinated 18 electrons saturated monometallic complex 6. Although neither of these
complexes have, as yet, been isolated, the closely related [rac,rac-Rh2(et,ph-P4)2]2+ and
[rac-RhCl2(η4-et,ph-P4)]+ complexes have been crystallographically characterized.3.6
The fragmentation of the bimetallic catalyst 2r was also shown to occur at room
temperature when the catalyst precursor was initially submitted to syngas pressure for an
extended period of time. The 31P{1H} NMR spectrum of the catalyst solution generated
from the dicationic precursor 1r after 24-48 h soaking under 250 psig of H2/CO in acetone
at 25 oC clearly illustrates this (Figure 3.2).3.7

Figure 3.2. 31P{1H} NMR spectrum of 1r after 24 h of soaking at 25 oC and 250 psig
H2/CO.
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It was recently observed by Aubry and Bridges3.7 that this fragmentation problem
could be considerably inhibited when performing the catalysis in a 30% (v/v) water/acetone
medium. The result was a considerable increase in the catalytic activity from 20 TO/min to
73 TO/ min, along with a net improvement of the l:b aldehyde product regioselectivity
from 25:1 to 33:1. Furthermore, the improved stability of the catalyst in 30% water/acetone
medium was strongly indicated by its ability to easily perform 10,000 turnovers with high
initial TOF of 60 min-1, a l:b regioselectivity of 29:1, and low alkene isomerization (2%)
and alkene hydrogenation (< 0.1%) side-reactions.3.8 Barker3.9 has since attempted to
reproduce these impressive results in water/acetone medium, but was only able to obtain an
increase in the initial TOF to 30 min-1. Several attempts have also been made by the author,
and appear to confirm the results of Barker. This clearly indicates that the water effect on
the fragmentation mechanism is limited and is not as dramatic as originally believed.
Additionally, a recent study of the effect of H2:CO ratios and pressures on the
hydroformylation catalysis utilizing 1r in 30% (v/v) water/acetone has clearly pointed to
the promoting effect of CO partial pressure on the fragmentation equilibria (Scheme 3.1).3.9
The catalyst fragmentation observed under catalytic conditions as well as at room
temperature is a serious problem that we have addressed through the design of a more
robust, stronger, and sterically enforced chelating tetraphosphine ligand (vide infra). We
believe that a stronger chelate effect will be beneficial to the catalyst system by minimizing
the problematic dissociation of the external phosphine groups that leads to catalyst
deactivation through the proposed fragmentation mechanism (Scheme 3.1).In turn, this
should result in an increase of the activity and selectivity of the catalyst as the amount of
active catalyst available is increased.
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3.2

Design of a Novel Tetraphosphine Ligand
Based on the currently used racemic-et,ph-P4 tetraphosphine ligand, we have

designed a more rigid, stronger chelating ligand, racemic-et,ph-P4-Ph, that has the same
basic features as found in the former ligand, such as the flexible methylene bridge that links
the two internal phosphines and the aryl substituent on the internal phosphorus moieties.
However, in lieu of the flexible ethylene linkages between the latter and the terminal
phosphines, we have envisioned a more rigid, better spatially defined aryl bridge which has
the two phosphine moieties (internal and terminal) in ortho positions with respect to one
another (Figure 3.3).

Figure 3.3. Structures of the novel tetraphosphine ligand racemic-et,ph-P4-Ph and the
current racemic-et,ph-P4 ligand.
The principal argument for the improved stability of the dirhodium tetraphosphine
catalyst complex [rac-Rh2H2(CO)2(μ-CO)2(et,ph-P4-Ph)]+ with regard to the current [racRh2H2(CO)2(μ-CO)2(et,ph-P4)]+, 2r, catalyst species resides in the design of the novel
tetraphosphine ligand racemic-et,ph-P4-Ph which possesses two 1-(diethylphosphino)-2phenylphosphinobenzene (or o-phenylene(diethylphosphino)phenylphosphine) moieties.
Ortho-phenylenebis(dialkylphosphine) ligands, o-C6H4(PR1R2)2 (R1, R2= alkyl or
aryl substituents) (Figure 3.4), have been extensively studied, and their ability to stabilize
high formal oxidation states of transition metals has been widely demonstrated.3.10-3.15
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Figure 3.4. Structure of o-phenylenebis(dialkylphosphine) ligands.
As early as 1974, Bennett et al.3.10 demonstrated that o-phenylenebis(dimethylphosphine), o-C6H4(P(CH3)2)2 (diphos), was more readily capable of stabilizing transition
metals than its more common and well known o-phenylenebis(dimethylarsine), o-C6H4(As-(CH3)2)2 (diars), counterpart. Thus, the versatile diphos ligand is capable of stabilizing
almost all of the transition elements by forming a series of trans-dihalogenobis(diphos)
complexes, trans-[Mm+X2L2]m-2 (M = first-, second-, or third-row transition metal; X = Cl,
Br; m = 1-4), with all the d-block transition metals ranging from the chromium to copper
groups, with variation in the formal oxidation state of the metal but with unchanged
stereochemistry of the resulting complex (Figure 3.5). Harbron and co-workers3.11 have
also been able to isolate and study an Fe(IV) complex of
o-phenylenebis(dimethylphosphine), [Fe(o-C6H4(PMe2)2)2Cl2](BF4)n (n = 0-2), by using a
combination of spectroscopic data and K-edge EXAFS. This represented a major finding as
Fe(IV) is a rare oxidation state and few such compounds had been characterized prior to
their work.

Figure 3.5. Structure of trans-[Mm+X2L2]m-2 complexes.3.10b
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Roberts and Wild3.12 have utilized the o-phenylenebis(methylphenylphosphine)
ligand, o-C6H4(PPhMe)2, and synthesized the cationic square-planar [Ni(oC6H4(PPhMe)2)2]2+ and the square-pyramidal [NiCl(o-C6H4(PPhMe)2)2]+ complexes, as
well as the neutral Pt(II) and Pd(II) square-planar complexes [MCl2(o-C6H4(PPhMe)2)].
Using the same diphosphine ligand, Skelton and co-workers3.13 have prepared a series of
Ru(II) complexes with the metal center in a six-coordinate environment. Osmium(II)
complexes of the bidentate chiral-at-phosphorus ligand have been selectively prepared in
their cis- and trans-[OsCl2{(R,R)-o-C6H4(PPhMe)2}2] isomers by McDonagh et al.3.14
through the use of cis- or trans-[OsCl2(DMSO)4] and (S,S)- o-C6H4(PPhMe)2 as starting
materials.
More recently, Mashima et al.3.15 have prepared mono-, di-, and trinuclear Ru(II)
complexes containing the diphosphine ligand o-phenylenebis(diphenylphosphine), oC6H4(PPh2)2 (dpb) (Figure 3.6). Steric and electronic properties of the tetraphosphine
ligand rac-et,ph-P4-Ph are important factors in predicting and quantifying the possible
stabilizing interactions between the ligand and the Rh transition metal centers.
The steric properties of the phosphine ligand can be quantified appropriately using
the concept of cone angle, θ, which was initially introduced by Tolman.3.16 It is defined, in
the case of symmetrical phosphine ligands (with all three substituents identical), as the
apex angle of a cylindrical cone centered 2.28 Å from the center of the phosphorus atom
which just touches the van der Waals radii of the outermost atoms. In the case of
unsymmetrical ligands, Tolman introduced the concept of half cone angle,

θ
2

,3.16 which is

defined as the angle between the metal-phosphorus vector and the vector that just touches
the van der Waals radii of the outermost atom (Figure 3.7).
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Figure 3.6. Structure of complexes [RuCl(η6−C6H6)(dpb)]Cl, [Ru2Cl3(dpb)2]Cl, and
[Ru3(μ2-Cl)3(μ3-Cl)2(dpb)3]Cl.3.15

Figure 3.7. Representations of the cone angle, θ, and the half cone angle, θ/2, as
defined by Tolman3.16 for symmetrical and unsymmetrical trialkylphosphine ligands
respectively.

The ligand rac-et,ph-P4-Ph can be reasonably approximated to two PEt2Ph units
(terminal phosphine moieties) and two PPh2Me units (internal bridged phosphine moieties).
Tolman3.16b performed extensive cone angle calculations on a host of mono- and
bisphosphine ligands using Ni(0) as the transition metal center, and these cone angles
values can be accurately extrapolated to most transition metal centers including Rh.
Tolman3.16b calculated a cone angle θ = 136o for PEt2Ph and PPh2Me. In
comparison, the cone angle of the external PEt2CH2-CH2- phosphine moieties in
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rac-et,ph-P4 can be estimated at θ = 132o 3.16b if PEt3 is used as a model ligand.

Calculations on the PEtPhMe model ligand of the internal phosphine moieties have not
been reported in the literature, but it can be reasonably estimated to be within the range
delimited by PMe2Ph (θ = 122o) and PEt2Ph (θ = 136o).3.16b
The steric properties of the ligand only partially contribute to the predicted stability
of the tetraphosphine-dirhodium chelate structure, and one needs to also take into
consideration the electronic properties of the ligand in order to obtain a more accurate
prediction. The electronic properties of phosphine ligands are defined in terms of their σdonating effects. These are determined by measuring the IR CO stretching frequencies,

νCO, of Ni(CO)3L (L = PR1R2R3) in CH2Cl2: as the σ-donating ability of the phosphine
ligand increases, the electron density on the metal center increases along with the πbackbonding to the CO ligand, thus resulting in the decrease in νCO.3.17 The σ-donating
effect of the monophosphine model ligands PEt2Ph and PPh2Me (νCO = 2063.7 cm-1 and
2067.0 cm-1 respectively) is quite high and is comparable to that of PEt3 (νCO = 2061.7 cm1

) and PEtPhMe (νCO(PEt2Ph) < νCO < νCO(PMe2Ph), with νCO(PEt2Ph) = 2063.7 cm-1 and

νCO(PMe2Ph) = 2065.3 cm-1) respectively.3.17
The stronger binding affinity of rac-et,ph-P4-Ph toward Rh is also supported by
the results obtained by Musco and co-workers3.18 who have studied the dissociation
equilibria of phosphine ligands from Pd(0) (shown on Scheme 3.2), and have concluded
that the rate of phosphine ligand dissociation increased in the following order: PMe3 ~
PMe2Ph ~ PMePh2 < PEt3 ~ PBu3 ~ PPh3.

Scheme 3.2. Dissociation equilibria for PdL4 complexes.
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We believe that the rigidity of the o-phenylenebisphosphine backbone is by far the
most important factor in the stabilization of the metal-phosphine complex. Combined with
the steric and electronic properties of the phosphine moieties of rac-et,ph-P4-Ph, it should
assist in stabilizing the dirhodium complex toward ligand dissociation and catalyst
fragmentation relative to its more flexible tetradentate rac-et,ph-P4 counterpart, and thus
should improve the catalyst stability, and, as a result, generate a faster and possibly more
regioselective catalyst system with two Rh centers. However, the presence of the chelate
aryl ring could also result in an increase in the fragmentation of the P-Ph bonds by Rh as
observed with monometallic rhodium catalysts.3.2
3.3.

31

P NMR Spectroscopy and Its Applications in Organophosphorus Chemistry

Since its early development in the mid 1950’s, 31P NMR spectroscopy has grown to
become the analytical tool of choice for the organophosphorus chemist.3.19 The 31P nucleus
has a spin of

1
, relatively high NMR sensitivity, 100% natural abundance, and a chemical
2

shift that can span almost 1000 ppm, which allows for the detection of relatively minute
structural changes in a compound. All these appealing characteristics have contributed to
the fast development of this spectroscopic technique and to its current application in our
research as a major instrument in the structural elucidation of the many organophosphine
compounds prepared in our laboratory.
The vast majority of the organophosphorus compounds reported in this work are
novel and have not been previously reported in the literature, thus we have relied on
established 31P NMR chemical shifts of well known phosphine compounds to assign the
spectral data. Moreover, empirical tools that were developed in order to assist in the
identification and assignment of sometimes complex chemical shifts to structures are
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available to the phosphorus chemist. Grim and McFarlane,3.19d Maier,3.19e and Fluck and
Lorenz3.19f have developed empirical equations that allow the calculation of chemical shifts
(δ) to within 1-2 ppm for primary, secondary, and tertiary trivalent phosphines (Equations
3.1 to 3.3):

δ = -62 +

3

∑σ n P

for tertiary phosphines

(Equation 3.1)

n =1

2

δ = -99 + 1.5 ∑ σ n P for secondary phosphines

(Equation 3.2)

δ = -163.5 + 2.5σ

(Equation 3.3)

n =1

P

for primary phosphines

The constants σ P have been calculated for a host of common phosphine substituents and
are reported in Table 3.1.3.19f
Table 3.1. Empirical σ P constants for various common P-R groups.3.19f

Ligand
CH3
C2H5
i-C3H7
n-C3H7
i-C4H9
sec-C4H9
n-C4H9
n-C5H11
cyclo-C5H9
cyclo-C6H11
C6H5
C6H5CH2
n-C8H17
CH3(CH2)3CH(C2H5)CH2
CH2=CH-CH2
NCCH2CH2
CN
(C2H5)2NCH2
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σP
0
14
27
10
7
23
10
10
22
24
18
16
10
5
9
13
-24.5
-1

While this first order group contribution worked well with alkyl- and
arylphosphines, it failed at predicting the chemical shifts of phosphines with different
electronegativities due to its being based largely upon the cone angles of the various
substituents. Payne and Stephan3.19g developed a more accurate predictive tool by using a
second order pairwise additivity scheme which took into account the steric and
electronic/electronegative properties of the substituents on the P nucleus. Thus, a trivalent
phosphine compound PR1R2R3 will have three contributions (σ 1-2, σ 1-3, and σ 2-3) from the
three pairs of substituents R1R2, R1R3, and R2R3, and the chemical shift δ is accordingly
calculated from Equation 3.4:

δ=

3

∑σ

i =1≠ j

(Equation 3.4)

ij

Koch3.19h modified this method to include bisphosphines that contain a methylene
bridge (Table 3.2).
Table 3.2. 31P NMR shift contributions σ for bisphosphine ligands.3.19g,3.19h

Substituent pair
Me-H
Me-Me
Me-Et
Me-Pr
Me-Cy
Me-Ph
Me-Bz
Et-H
Et-Et
Et-Cy
Et-Ph
Pr-Pr
Pr-Cy
Pr-Ph
iPr-iPr
iPr-Ph
Bu-H
Bu-Bu
iBu-iBu
iBu-Ph
tBu-H

σ (ppm)
-42.1
-20.5
-14.2
-17.4
-11.3
-13
-13.2
-24.4
-6.5
-1.8
-5.1
-11
-5
-8
6.6
1.4
-29.4
-10.8
-15.1
-9.6
-0.2

Substituent pair
tBu-tBu
tBu-Ph
Cy-H
Cy-Cy
Cy-Ph
Ph-H
Ph-Ph
Ph-Bz
Bz-Bz
H-H
PCP-H
PCP-Me
PCP-Et
PCP-Cy
PCP-Ph
PCP-Cl
Cl-Me
Cl-Et
Cl-Cy
Cl-Ph
Cl-Cl
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σ (ppm)
20.4
9.6
-17.7
2.3
-0.7
-21.3
-2.2
-4.1
-4.3
-79.3
-29.3
-17
-7.8
-2.2
-6.1
50.8
57.3
62.8
65.4
41.1
73.3

In a general manner, the use of these predictive tools in the assignment of the
chemical shifts to a particular structure proved highly useful for the structural elucidation
of the organophosphorus compounds synthesized in this work.
The 31P{1H} NMR spectrum of our current tetraphosphine ligand rac-et,ph-P4
exhibits signals at δ = -16.6 ppm (br s), and δ = -24.1 ppm (t, 3JP,P = 11.5 Hz), and we can
predict that the novel ligand rac-et,ph-P4-Ph will exhibit signals with chemical shifts in
the range δ = -10 to -30 ppm as the effect of replacing an Et linkage with a Ph substituent
should have a moderate effect on the chemical shifts of the P nuclei (see Tables 3.1 and
3.2).
3.4.

Synthetic Strategies

The synthesis of rac-et,ph-P4-Ph is a challenging endeavor that required the
development of different strategies encompassing a variety of organic transformations.
Where the synthesis of rac-et,ph-P4 utilizes a simple and neat photochemical reaction to
couple the readily available methylenebis(phenylphosphine) building block with 2.0 equiv.
of vinyldiethylphosphine reagent, rac-et,ph-P4-Ph has two 1-(diethylphosphino)-2phenylphosphinobenzene moieties tethered via a methylene bridge, and thus a rather
different methodological approach to synthesizing this novel ligand needed to be
developed. Additionally, the 1-(diethylphosphino)-2-phenylphosphinobenzene moieties are
quite different from the o-phenylenebis(dialkylphosphine) ligands reported in the
literature,3.10-3.15,3.20 as the latter have two identical dialkylphosphine substituents in the
ortho positions of the benzene group. This led us to develop a modified synthetic scheme

based on the assembly of suitable alkylphosphine building-blocks. Therefore, six different
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strategies have been investigated to this end with varying degrees of success. The results of
these synthetic routes will be discussed in the following sections.
3.5.

Sequential Deprotonation/Alkylation of 1,2-Bis(phosphino)benzene

The initial synthetic strategy utilized 1,2-bis(phosphino)benzene, b, as the starting
material in the preparation of the alkylated o-phenylenebisphosphine backbone via
successive deprotonation/alkylation steps as described by Kyba et al.3.20 This route was
utilized for the facile and efficient synthesis of 1,2-bis(isopropylphosphino)benzene, 1,2bis(methylphosphino)benzene, and 1,2-bis(dimethylphosphino)benzene (Scheme 3.3).

Scheme 3.3. Kyba’s synthetic approach to the preparation of mono- and dialkylated ophenylenebisphosphine ligands.

Kyba et al.3.20 have also reported the preparation of o-phenylenebisphosphine, b, as
the aromatic precursor. The facile and relatively inexpensive preparation of b had remained
challenging prior to their finding that it could be easily synthesized via the solvent-free
photochemical reaction of trimethyl phosphite and o-dichlorobenzene at 60 oC, followed by
the effective reduction of the resulting 1,2-bis(dimethoxyphsophoryl)benzene, a1, in THF
with a mixture of trimethylsilyl chloride/lithium aluminum hydride in a 1:1 molar ratio
(Scheme 3.4). The photochemical reaction of trimethyl phosphite and o-dichlorobenzene
produces a mixture of mono- and diphosphorylphosphites a1 and a2, which are easily
separated by recrystallization from acetone-ether to give pure a1. This photochemical
reaction is conducted in a reactor equipped with a quartz immersion well and a mediumpressure Hg vapor lamp placed at its core, which optimizes the irradiation of the reaction
mixture.
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Scheme 3.4. Preparation of o-phenylenebisphosphine as proposed by Kyba et al.3.20

Such a reaction apparatus is quite costly and represents an investment (upward of
$3,500 for a complete assembly),3.21 and attempts at synthesizing the precursor a1 via a
more economical route using readily available laboratory equipment (i.e., by conducting
the photochemical reaction with an external Xe vapor lamp and a custom-made quartz
Schlenk flask) were unsuccessful.
Two routes based on the well known reactions of Grignard reagents and alkyl
lithium compounds with phosphorus trichloride3.22 have been investigated in the attempted
preparation of 1,2-bis(phosphino)benzene, b (Scheme 3.5).

Scheme 3.5. Proposed synthesis of b via di-Grignard and o-dilithiobenzene routes.

The preparation of the di-Grignard reagent o-C6H4(MgCl)2 has been reported in the
literature by Zhang et al.3.23 by the reaction of o-dichlorobenzene with magnesium
anthracene in THF. The use of magnesium anthracene as a catalyst for the preparation of
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active magnesium has been extensively documented and relies on the reversible and
thermally dependent reaction of magnesium, anthracene, and THF to form the magnesium
anthracene·3THF adduct, which, at elevated temperatures (typically 60 oC), generates
highly active magnesium (Mg*) via the loss of anthracene and THF (Scheme 3.6).3.23,3.24

Scheme 3.6. Generation of highly active magnesium Mg* from magnesium
anthracene·3THF adduct.

The resulting active elemental magnesium can be reacted with alkyl- or arylhalides to
produce various Grignard reagents.3.24d
In addition to the use of magnesium anthracene adduct, Zhang and co-workers used
promoters for the formation of the aromatic di-Grignard reagent in the form of potassium
iodide and nickel dichloride. These promoters greatly increased the reaction yield by
presumably reducing Ni(II) to Ni(0), which, in turn, can catalyze the halogen exchange
from chloride to iodide. Thus, a more reactive dihalogenobenzene species is generated with
the decreasing order of reactivity of alkyl- or arylhalides with Mg being typically R-I > RBr > R-Cl.
We have investigated the large scale (25 fold) preparation of di-Grignard reagents
from o-dichlorobenzene and o-dibromobenzene via this activation route according to the
procedure reported by Zhang and co-workers. The activation of Mg was performed at 60 oC
in THF with a 10:1 Mg:anthracene molar ratio in order to facilitate the diffusion of the
substrate which otherwise would be hindered due to the very low solubility of the
magnesium anthracene adduct in THF (5.5-6 g.L-1 at 60 oC).2.23,2.24a On a larger scale, the
reaction resulted in an increase of the reaction time from 1 h to 7 h. Upon formation of the
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orange adduct, the dihalobenzene substrate was added to the heated solution of the
proposed Mg* and stirred under reflux. Ortho-dichlorobenzene and o-dibromobenzene
were reacted for 48 h and 24 h, respectively, and the filtration of the reaction mixtures over
Celite allowed for the recovery of 40 % and 30 % of unreacted magnesium, respectively. A
simple but sensitive qualitative test developed by Gilman and Schulze3.25 was employed to
assess the formation of the Grignard reagents. This color test is based upon the observation
that tertiary alcohols, formed when Michler’s ketone
(4,4-bis(dimethylamino)benzophenone) reacts with Grignard reagents, generate a green
color when an iodine solution in glacial acetic acid is added to them. In both our cases, the
green color was obtained, indicating that the Grignard reagents had been synthesized. The
nature of the Grignard reagents (i.e., mono- or di-Grignard reagent) could not, however, be
confirmed through this simple test, and GC analysis of a hydrolyzed aliquot of product
would have been needed in order to positively and quantitatively ascertain the formation of
the desired di-Grignard reagents.
However, assuming that we effectively prepared the desired di-Grignard reagents,
their subsequent addition to 3.0 equiv. of PCl3 was performed at -78 oC in THF, and the
resulting solutions were refluxed for 2 h, resulting in the formation of a light brown
solution with presence of a solid precipitate. Excess PCl3 was utilized in order to limit
coupling and cross-linking side-reactions. The product(s) of the reaction were identified by
31

P{1H} NMR spectroscopy of the crude reaction mixtures. In both instances, three singlets

at chemical shifts δ = 220 ppm, δ = 178 ppm, and δ = 161 ppm were observed, which
correspond to unreacted PCl3, 1-chloro-2-dichlorophosphinobenzene, and
dichlorophosphinobenzene, respectively, but no signal corresponding to obis(dichlorophosphino)benzene was observed (Figure 3.8).
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Figure 3.8. Structure of the products of reaction of aryl di-Grignard reagents and
PCl3.

The formation of dichlorophosphinobenzene is probably due to hydrodehalogenation
reaction which could have generated a mono-Grignard reagent, while 1-chloro-2dichlorophosphinobenzene could be generated upon partial conversion of
dihalogenobenzene into mono-Grignard reagent.
While this method is efficient for the preparation of di-Grignard reagents on a small
scale (75 % yield after 44 h of reaction when working with 0.5 g of magnesium powder),
attempts at conducting the reaction on a larger scale (10-20 g) proved difficult and we were
unable to synthese the desired product.
The synthesis of o-dilithiobenzene was first reported by Wittig and Bickelhaupt and
was obtained by reaction of o-phenylenemercury and lithium in ether.3.26 However, the
preparation of o-phenylenemercury requires the hazardous handling of highly toxic
mercury, and thus we attempted the preparation of o-dilithiobenzene via the well known
lithium-halogen exchange reaction (Scheme 3.7).3.27

Scheme 3.7. General scheme for the lithium-halogen exchange reaction.

The work of Lagow et al.3.28 on the lithiation of hexachlorobenzene with tBuLi in
1,4-dioxane offered a convenient strategy for this synthesis as we attempted to prepare odilithiobenzene from the commercially available and inexpensive o-dichlorobenzene
(Scheme 3.8).
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Scheme 3.8. Proposed synthesis of o-dilithiobenzene from o-dichlorobenzene.

Electron-donating solvents (Lewis bases) such as THF or diethyl ether are used to
strongly coordinate to the electron deficient alkyl lithium species and to limit interatomic
contacts resulting in aggregates. This, in turn, results in an alkyl lithium species with
significantly higher reactivity.3.27 The combination of tBuLi, which has bulky tButyl groups
unfavorable for coupling side-reactions, and 1,4-dioxane as the reaction solvent has
appeared to be the most effective route for maximizing the lithium halogen exchange
reaction in the case of hexachlorobenzene.3.28
The slow addition of a solution of o-dichlorobenzene in 1,4-dioxane to a highly
concentrated solution of tBuLi (10% molar excess) in pentane at -120 oC generated a beige
slurry which turned progressively red over 15-16 h. The tBuLi reagent is kept highly
concentrated to limit cross-linking or coupling side-reactions. Control over the temperature
of the reaction mixture is paramount as an increase in the reaction temperature resulted in
decomposition of the aryldilithium species. The o-dilithiobenzene slurry was added to an
excess of PCl3 in high concentration (3.3 M in THF) in order to limit the coupling sidereactions. The high viscosity of the 1,4-dioxane solution at -78 oC rendered the addition
difficult, and rising the temperature to -20 oC resulted in the formation of a black solid
within minutes, which may have resulted from the decomposition of o-dilithiobenzene.
Studies have shown that secondary and tertiary alkyl lithium species have a maximum
lifetime of about 1 h in diethyl ether at room temperature and an even shorter lifetime in
THF,3.27 and the use of 1,4-dioxane might render the alkyl lithium species more prone to
decomposition even at relatively low temperature. Analysis of the crude reaction mixture
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by 31P{1H} NMR spectroscopy upon addition to PCl3 showed only the presence of
unreacted PCl3, thus confirming the likely decomposition of the aryl dilithium species.
Albeit a rather expensive alternative, the purchase of the adequate photochemical
equipment appeared to be a necessity for the success of this research project. Conducting
the photochemical reaction using the immersed UV lamp gave the desired compound a1 in
50% yield.
We are the first group to report an X-Ray crystallography structure for the 1,2bis(dimethoxyphosphoryl)benzene, a1, intermediate (Figure 3.9), which was obtained via
the reaction illustrated in Scheme 3.4 and recrystallized from acetone/ether.3.20

Figure 3.9. ORTEP representation of 1,2-bis(dimethoxyphosphoryl)benzene, a1.

The subsequent reduction of a1 by a 1:1 molar mixture of LiAlH4 and SiMe3Cl
gave, upon short-path distillation in vacuo, the bisphosphine b in 80% yield as evidenced
by 31P{1H} NMR spectroscopy with a singlet at δ = -124.3 ppm (Figure 3.10).3.20 The
initially proposed retrosynthetic scheme for the preparation of the tetraphosphine ligands
rac,meso-et,ph-P4-Ph from the bisphosphine b is shown in Scheme 3.9.
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Figure 3.10. 31P{1H} NMR spectrum of compound b.

Scheme 3.9. Initially proposed sequential deprotonation/alkylation synthetic scheme
toward the preparation of rac,meso-et,ph-P4-Ph.

Adapted from the work of Kyba et al.3.20 on the synthesis of 1,2-bis(dimethylphosphino)benzene by successive deprotonation/alkylation reactions of b, we propose to
selectively deprotonate one of the PH2 substituents on b with an n-hexane solution of
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nBuLi, followed by an SN2 reaction with EtI to generate the monoalkylated diphosphine c

(Scheme 3.10).

Scheme 3.10. Proposed preparation of compound c.

The subsequent step would employ nBuLi as the base to deprotonate the more acidic PH2
group on c, and this would be followed by reaction of the intermediate phosphide
compound with an arylating agent, namely PhBr or PhI (Scheme 3.11).

Scheme 3.11. Proposed preparation of compound d.

The tetraphosphine e would be established by a reaction similar to that employed for the
synthesis of methylenebis(phenylphosphine) as illustrated in Scheme 1.6 in chapter 1. The
deprotonation of the more acidic proton on the diphenylphosphine moiety followed by
coupling with CH2Cl2 to generate the bridging methylene group should lead to e (Scheme
3.12).

Scheme 3.12. Proposed preparation of compound e.

Finally, simple deprotonation of the remaining proton on the ethylphenylphosphine moiety,
and alkylation with EtI should generate the desired tetraphosphine ligands rac,meso-et,phP4-Ph (Scheme 3.13).

55

Scheme 3.13. Proposed preparation of rac,meso-et,ph-P4-Ph.

The monoalkylation of bisphosphine b to c was carried out under various reaction
conditions as summarized in Table 3.3.
Table 3.3. Monoalkylation of compound b to c.

Entry
1a
2a
3a
4b
5c
6d
7e
8d

Reaction conditions
i) 1.0 equiv. nBuLi, 0 oC to 25 oC; ii) 1.0 equiv. EtI, 0 oC
i) 1.0 equiv. nBuLi, -78 oC to 25 oC; ii) 1.0 equiv. EtI, -78 oC
i) 1.0 equiv. nBuLi, -78 oC; ii) 1.0 equiv. EtI, -78 oC
i) 1.0 equiv. nBuLi, -78 oC; ii) 1.0 equiv. EtI, -78 oC
i) 1.0 equiv. nBuLi, -78 oC; ii) 1.0 equiv. EtI, -78 oC
i) 1.0 equiv. nBuLi, -78 oC; ii) 1.0 equiv. EtI, -78 oC
i) 1.0 equiv. nBuLi, -78 oC; ii) 1.0 equiv. EtI, -78 oC
i) nBuLi 0.8 equiv., -78 oC; ii) 0.8 equiv. EtI, -78 oC

% yield
10
25
35
35
55
60
Unidentified
by-products
68-70

a

[b] = 0.1 M, [nBuLi] = 1.6 M. b[b] = 0.3 M, [nBuLi] = 1.6 M. c[b] = 0.3 M, [nBuLi] =
0.8 M. d[b] = 0.1 M, [nBuLi] = 0.8 M. e[b] = 1 M, [nBuLi] = 1.6 M.
For all entries, the addition of nBuLi to a stirred solution of b in THF generated an
orange color which strongly indicated the formation of the phosphide anion, and the
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resulting mixture was stirred for 60-90 min at the reported temperatures. Completion of the
reaction with EtI was also indicated by the disappearance of the orange color to produce an
essentially colorless solution upon stirring at room temperature for 5-8 h. The temperature
of the additions has an obvious effect on the yield of the reaction, and adding both reagents
at -78 oC appears to be preferable in controlling the deprotonation of the phosphine moiety.
Additionally, allowing the phosphide solution to stir at room temperature (entries 1 and 2)
gives poor yields. In all 8 entries, the reaction produces a mixture of three compounds
analyzed by 31P{1H} NMR spectroscopy of the fractions obtained upon purification via
short-path distillation in vacuo. The first fraction consists of unreacted
o-phenylenebisphosphine, b, (δ = -124.3 ppm, s). The second fraction is the desired

compound 1-(ethylphosphino)-2-phosphinobenzene, c (δ = -46.9 ppm, d; δ = -124.1 ppm,
d), (Figure 3.11), as evidenced by the two doublets. The third fraction is composed of a
mixture of c and the two diastereomers of o-phenylenebis(ethylphosphine), c′ (δ = -44.9
ppm, s, 54%; δ = -48.6 ppm, s, 46%), (Figure 3.12), resulting from partial deprotonation
and alkylation of both PH2 moieties in compound b (Scheme 3.14).

Figure 3.11. 31P{1H} NMR spectrum of compound c.
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Figure 3.12. 31P{1H} NMR spectrum of a mixture of compounds c and c′.

Scheme 3.14. Formation of o-phenylenebis(ethylphosphine), c′.

The results presented in Table 3.1 allow us to formulate a trend for this reaction: the
control over the selectivity of the deprotonation appears to be highly influenced by the
initial concentrations of compounds b and nBuLi, and by the number of equivalents of
added nBuLi. The best results are obtained with lower concentrations of b and nBuLi
(entries 6 and 8). Also, adding nBuLi (and subsequently EtI) in substoichiometric amounts
gives the best results with a 68-70% yield in c (Scheme 3.15). Interestingly, the addition of
a 1.6 M n-hexane solution of nBuLi to a 1.0 M solution of b in THF only generates a
mixture of unidentified by-products by 31P{1H} NMR spectroscopy.

Scheme 3.15. Optimized reaction conditions for the preparation of compound c from
b.
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Conversion of the bisphosphine c to 1-(ethylphosphino)-2-phenylphosphinobenzene, d, represents the next natural step in the synthesis of the tetraphosphine ligands
rac,meso-et,ph-P4-Ph. We initially proposed to simply deprotonate the remaining primary

phosphine, in a similar manner as employed in the first step of the synthesis, followed by
reaction with an aryl halide reagent to produce compound d. A plausible reaction route for
this synthetic step is via an aromatic nucleophilic substitution reaction, which could
proceed by the benzyne mechanism. Such a mechanism is favored in the case of aryl
halides that do not posses an activating substituent3.29 (Scheme 3.16).

Scheme 3.16. Proposed benzyne mechanism for the synthesis of compoud d from c.

The arylation of the second primary phosphine group on c was attempted under
various reaction conditions reported in Table 3.4.
Table 3.4. Arylation of compound c to d.

Entry
Reaction conditions
a
1
i) 1.0 equiv. nBuLi, -78 oC; ii) 1.0 equiv. PhBr, -78 oC, THF
2b
i) 1.0 equiv. nBuLi, -78 oC to 25 oC; ii) 1.0 equiv. PhBr, -78 oC,
reflux/3d, THF
i) 1.0 equiv. nBuLi, -78 oC; ii) 1.0 equiv. PhBr, -78 oC,
3b
reflux/7d, THF
4a
i) 1.0 equiv. nBuLi, -78 oC; ii) 1.0 equiv. PhI, -78 oC, reflux/2d,
THF
1.0 equiv. PhBr, 1.0 equiv. Et3N, 5% Pd on Al2O3 (0.1 mole%),
5c
reflux/48h, Xylenes
a

Results
No reaction
No reaction
No reaction
No reaction
No reaction

[c] = 0.1 M, [nBuLi] = 0.8 M. b[c] = 0.1 M, [nBuLi] = 0.8 M, [PhBr] = 0.1 M. c[c] = 2 M.
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Addition of a diluted n-hexane solution of nBuLi to a solution of c in THF (entries
1 through 4) produces a yellow color indicating the formation of phosphide anions. The
different attempts utilized PhBr and PhI, as the use of PhF would have required the
presence of electron withdrawing substituents in ortho or para position in order to activate
the C-F bond.3.30 However, these attempts have failed to produce the desired compound d,
and refluxing the resulting reaction mixture did not improve the reactivity of the aryl
halides, thus strongly indicating that the reaction does not proceed via a nucleophilic
mechanism as initially believed. Analysis of the crude reaction mixtures by 31P{1H} NMR
spectroscopy upon quenching with water only showed the presence of unreacted
bisphosphine c.
An adaptation of the work of Hillhouse and Depalo3.31 was proposed (entry 5). They
developed a method for the preparation of alkylarylphosphines in high yields via Pdcatalyzed reaction of monoalkylphosphines with arylhalides in the presence of a suitable
base such as triethylamine (Scheme 3.17).

Scheme 3.17. Pd-catalyzed preparation of arylalkylphosphines.3.31

Additionally, the reaction can proceed with bisphosphines and produces the
corresponding alkylaryl bisphosphines. In the present study, the reaction was performed in
xylenes with 1.0 equiv. of PhBr, 1.0 equiv. of Et3N, and the heterogeneous catalyst used in
this synthesis was Pd supported on Al2O3. The progress of the reaction was monitored by
31

P{1H} NMR spectroscopy of aliquots of the reaction sampled at different time intervals.

60

The lack of reactivity was evidenced by the presence of only 1-(ethylphosphino)-2phosphinobenzene, c, even after 48 h of reflux. While triethylamine is a suitable base for
the substrates described in Hillhouse and Depalo’s invention, it may well be too weak of a
base to deprotonate the PH2 moiety on compound c.
In light of this study, it appears that the deprotonation/alkylation route is best suited
for the formation of carbon-phosphorus bonds from alkyl species, and the inability to react
arylhalides via this route led us to abandon it. An alternate approach was then investigated,
the results of which are presented in the following section.
3.6.

Grignard-Mediated Substitution Reaction

In 1986, Kyba et al.3.32 developed a novel route to the synthesis of symmetric and
unsymmetric alkyl- and arylbisphosphines in high yields (typically 60 to 90%). This
synthetic strategy utilizes electrophilic rather than nucleophilic phosphorus sites to form
carbon-phosphorus bonds in a selective manner, and is based on the reaction of ophenylenebis(dichlorophosphine), f, with Grignard reagents as sources of alkyl
functionalities (Scheme 3.18). Kyba and co-workers utilized a 1:1 molar ratio of PhMgBr
and anhydrous ZnCl2 as a way to control and decrease the high reactivity of the Grignard
reagent toward the P-Cl bond in compound f which tends to produce mixtures of
substituted bisphosphines. The dissymmetric substitution of f was also made possible via
this route by the successive addition of suitable Grignard reagents (i.e., tBuMgCl and
MeMgBr). Thus, this route represents a viable alternative for the preparation of 1(ethylphospino)-2-phenylphosphino-benzene, d, in an acceptable yield.
The modified retrosynthetic scheme toward the preparation of the tetraphosphine
ligands rac,meso-et,ph-P4-Ph is depicted in Scheme 3.19.
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Scheme 3.18. Kyba’s synthetic route to symmetric and unsymmetric aryl-substituted
bisphosphines.3.32

Scheme 3.19. Modified retrosynthetic scheme toward the preparation of
rac,meso-et,ph-P4-Ph.

We proposed to apply this approach for the synthesis of compound d by utilizing a
1:1 molar ratio of PhMgBr and anhydrous ZnCl2, followed by the addition of EtMgCl, and
finally reduction of the monochlorinated phosphine moieties with LAH at -78 oC (Scheme
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3.20). The subsequent conversions of d to e and finally to rac,meso-et,ph-P4-Ph are
essentially identical to that proposed in Schemes 3.12 and 3.13.

Scheme 3.20. Proposed synthesis of compound d.

The starting material o-phenylenebis(dichlorophosphine), f, is not commercially
available, and so it had to be prepared in the laboratory. Historically, chlorinated
arylphosphines have been synthesized in high yields (typically 80+%) by the reaction of
PCl3 and dichloromethylphenylsilane in the presence of anhydrous aluminum chloride as
catalyst (Scheme 3.21).3.33

Scheme 3.21. Preparation of chlorinated arylphosphines by AlCl3-catalyzed
reaction.3.33

The para analog to compound f has been previously prepared in high yield (ca.
85%) via a multi-step synthesis involving the reaction of dialkylamines and phosphorus
trichloride to generate P-N bonds that are less reactive toward organometallic reagents,
followed by reaction with p-dilithiobenzene, and finally conversion to
phenyldichlorophosphine by reaction with hydrogen chloride (Scheme 3.22).3.34

Scheme 3.22. Preparation of p-phenylenebis(dichlorophosphine).3.34
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Compound f was prepared via a rather long route in only 40% overall yield starting
with o-bromophenylenedichlorophosphine (Scheme 3.23).3.35a,3.35b Additionally, the
preparation of the latter starting material required a multi-step synthesis developed by Quin
and Humphrey, Jr.3.35c with a reported yield of only 22%.

Scheme 3.23. Preparation of compound f by Drewelies et al.3.35

More recently, Kyba and co-workers3.32 have reported its synthesis in moderate
yield from o-phenylenebisphosphine , b, with 6.0 equiv. of phosgene in DCM (Scheme
3.24).

Scheme 3.24. Kyba’s preparation of o-phenylenebis(dichlorophosphine), f.3.32

The use of phosgene to prepare alkylchlorophosphines was first reported by
Henderson et al.3.36 Using phosgene represents various drawbacks: first, it is an extremely
toxic gas and can be lethal even at low concentrations (LC50 = 800 ppm in humans);3.37and
as a result it was used as a chemical weapon during World War I. It also decomposes to
form hydrochloric acid, carbon dioxide, carbon monoxide, and chlorine. Second, pure
phosgene is extremely difficult to procure commercially.
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As a safer alternative to the use of pure phosgene, we attempted the synthesis of f
from b by using a commercially available 20% wt. toluene solution of phosgene, which
rendered its utilization more practical as we eliminated the hazards involved when utilizing
phosgene gas. The reaction flask was connected to a NaOH/H2O trap to neutralize any HCl
evolved during the reaction. The addition of 6.0 equiv. of phosgene to a 0.3 M solution of b
in DCM at -78oC generated a yellow solution. The reaction mixture was stirred at room
temperature for 22 h, after which the solution became colorless. The product was distilled
in vacuo to give a slightly yellow oil, which, upon analysis by 31P{1H} NMR spectroscopy

(Figure 3.13), was confirmed as the desired product f (δ = 152.8 ppm, s, lit.3.32 δ = 154
ppm, s) in only 32% yield, lower than the 54% yield reported by Kyba et al.3.32 The
difference in the reaction yields is probably due to the dilution of phosgene in toluene, and
it appeared that this type of reagent could not give us a moderate to high yield for the
transformation.

Figure 3.13. 31P{1H} NMR spectrum of compound f.
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A less hazardous reagent was found in triphosgene (or bis(trichloromethyl)
carbonate) (Scheme 3.25). This compound is a solid and is known to be a viable and useful
substitute for the more hazardous phosgene gas.3.38 Moreover, triphosgene can produce up
to three mole equivalent of phosgene per mole of reagent, and thus represents a net
advantage over the use phosgene on a per mole basis.

Scheme 3.25. Preparation of compound f from triphosgene.

The addition of a 1.0 M solution of triphosgene in DCM (3.0 equiv.) to compound
b, also in DCM, at -78 oC produced a yellow solution. After stirring for 48 h at ambient

temperature, the solvent was removed in vacuo to yield a slightly yellow oil, which, by
31

P{1H} NMR spectroscopy, was determined to be compound f (δ = 152.8 ppm, s) in only

25% yield. The yield obtained with this method was substantially lower than that obtained
with the phosgene solution in toluene, and clearly demonstrated that its reactivity with
phosphines is comparatively lower than that of phosgene.
Oxalyl chloride (6.0 equiv.) was also used in the synthesis of f, but the yield was
much poorer than those obtained with phosgene and triphosgene, and the reaction
generated a multitude of unidentified by-products (Scheme 3.26).

Scheme 3.26. Preparation of f from oxalyl chloride.
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A more practical, but less known, alternative to phosgene was found in the work of
Weferling who developed novel methods for the synthesis of alkylchlorophosphines that
utilize phosphorus pentachloride and hexachloroethane as chlorinating reagents in toluene
(Scheme 3.27).3.39

Scheme 3.27. Preparation of alkylchlorophosphines by reaction with PCl5 and
C2Cl6.3.39

These reagents were particularly efficient in the conversion of phenylphosphine to
its corresponding chlorinated product (e.g., dichlorophenylphosphine) in high yields (74 to
94%), thus indicating that it could well be suitable for the conversion of ophenylenebisphosphine, b, to o-phenylenebis(dichlorophosphine), f, although no results
had been reported in the case of bisphosphine compounds. The results of this study are
presented in Table 3.5.
Table 3.5. Synthesis of compound f by reaction of b with PCl5 and C2Cl6.

Entry
1
2
3

Reagent
PCl5
C2Cl6
C2Cl6

Reaction conditions
70 oC/18 h; 150 oC/48 h
120 oC/18 h; 160 oC/48 h
120 oC/2 h, 160 oC/15 h

a

% yield
46
66
72

[b] = 5.6 M in toluene, [PCl5] = 1.8 M in toluene. b[b] = 5.6 M in toluene, [C2Cl6] = 10 M
in toluene. cb is added pure to C2Cl6, [C2Cl6] = 10 M in toluene.
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The progress of both reactions was estimated by 31P{1H} NMR spectroscopy of the
crude reaction media. In the case of PCl5 (entry 1), the addition at 25 oC of a solution of b
in toluene to a solution of PCl5 in toluene generated an exothermic reaction, and heating the
reaction medium at 70 oC for 4h, as reported by Weferling,3.39 only consumed 35% of b
and generated four additional singlets beside the starting material b (δ = -124.3 ppm, s) at

δ = 146.8 ppm, δ = 32.8 ppm, and δ = -44.2 ppm, which possibly correspond to
intermediates of reaction. Further heating at 70 oC for an additional 14 h did not change the
composition of the crude reaction mixture. Rising the temperature to 150 oC for 24 h
completed the consumption of b, but further heating at 150 oC did not decrease the
additional signals, thus indicating that these corresponded to by-products rather than
intermediates. However, PCl3 was not identified as one of the by-products as its
characteristic chemical shift (δ = -220 ppm, s) was not observed in the spectrum.
Utilizing C2Cl6 gave the best results (entries 2 and 3). The addition, at ambient
temperature, of a toluene solution of b to a solution of C2Cl6 in toluene led to the formation
of a light orange mixture. Upon heating the reaction medium at 120 oC, as described by
Weferling,3.39 the reaction mixture turned a yellow color and became progressively beige.
After 18 h at 120 oC, the mixture was composed of only 5% b, and mainly f (80+%) and
some other unidentified compounds present as doublets at δ = 125 ppm and δ = 26 ppm.
These appeared to be intermediates of reaction as their corresponding signals vanished
upon heating the reaction mixture at 160 oC for 48 h. Completion of the reaction was
evidenced by a change in color from beige to black. The tarry mixture was distilled in
vacuo to give a colorless liquid, compound f by 31P{1H} NMR spectroscopy, with a yield

of 66%.
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A net improvement on this experimental procedure was implemented by adding
pure compound b to a highly concentrated toluene solution of C2Cl6 at 120 oC, which
generated the beige mixture, followed by heating at 160 oC for 15 h to produce the black
tarry mixture. As a result, the reaction time was optimized and the isolated yield was
increased to 72%.
In contrast to the use of PCl5, the reaction with C2Cl6 appeared to be much cleaner
as f was the only product observed in the crude reaction mixture after heating at 160 oC for
15 h (Figure 3.14). The reaction was quasi-quantitative by NMR analysis, but the shortpath distillation in vacuo allowed the isolation of only 72% of the product.

Figure 3.14. 31P{1H} NMR spectra of the crude reaction mixture with PCl5 (top) and
C2Cl6 (bottom).
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We have developed a more efficient protocol for the preparation of o-phenylenebis(dichlorophosphine), f, by reaction of o-phenylenebisphosphine, b, with a highly
concentrated solution of hexachloroethane in toluene (Scheme 3.28). This procedure has
several advantages over the ones reported in the current literature on the subject:3.32,3.35
firstly, it does not involve the use of highly hazardous chemicals and can be performed
with available glassware apparatus; secondly, it is an easy and inexpensive one-step
synthesis; and thirdly, the isolated yield of compound f is, by far, the highest reported to
date.

Scheme 3.28. Optimized reaction conditions for the preparation of f.

The Grignard-mediated synthesis of compound d was attempted with
PhMgBr/ZnCl2 and EtMgCl in THF (Scheme 3.28).

Scheme 3.29. Preparation of compound d from f via Grignard-mediated alkylation.

Treating a 1:1 molar ratio mixture of PhMgBr and ZnCl2, obtained from the
addition of a 1.9 M solution of PhMgBr in diethyl ether to a solution of anhydrous ZnCl2 in
THF, with a solution of compound f in THF at -78 oC, followed by treatment with a
solution of EtMgCl in THF at -78 oC, and finally reduction with 1.0 equivalent of LAH
also at -78 oC afforded us with a mixture of compounds by 31P{1H} NMR spectroscopy.
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Purification of the mixture by short-path vacuum distillation led to the isolation of two
products, and these were identified from their 31P{1H} NMR spectra. The first fraction
shows two doublets part of an AX spin system centered at δ = -46.9 ppm and δ = -124.1
ppm (JP,P = 67.8 Hz) consistent with the expected chemical shifts for 1-(ethylphoshino)-2phosphinobenzene, c (Figure 3.15).

Figure 3.15. 31P{1H} NMR spectrum of the first fraction.

The second fraction exhibits two sets of signals, the first set at δ = -20.2 ppm (s) and δ =
-21.3 ppm (s), and the second set at δ = -44.3 ppm (s) and δ = -45.6 ppm (s), indicative of a
mixture of compounds (Figure 3.16). The signals located in the upfield part of the spectrum
are consistent with the chemical shifts observed by Kyba et al.3.20 for a diastereomeric
mixture of 1,2-bis(phenylphosphino)benzene, d1 (lit.3.20 δ = -43 ppm, s, and δ = -44 ppm,
s). The signals downfield of the spectrum, on the other hand, can be assigned to the two
diastereomeric forms of 1,2-bis(ethylphenylphosphino)benzene, d2 (Figure 3.17).
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Figure 3.16. 31P{1H} NMR spectrum of the second fraction.

Figure 3.17. Structures of 1,2-bis(phenylphosphino)benzene, d1, and 1,2bis(ethylphenylphosphino)benzene, d2.

Utilizing a 3.1 M solution of PhMgBr in diethyl ether and a 2.0 M solution of
EtMgCl in THF resulted in the formation of a mixture of compounds. Upon short-path
distillation in vacuo, we obtained one fraction which showed the presence of several
compounds whose structures could not be elucidated from the 31P{1H} NMR spectrum
alone (Figure 3.18). However, the presence of strong signals in the ranges δ (ppm) = -18.4
to -21.1 and -24.4 to -27.8 are strong indicators of the presence of PEt2 and/or PPh2
moieties. The signals in the range δ (ppm) = -42.5 to -46.3 are also consistent with the
presence of PHEt and/or PHPh moieties. Further purification of the distillate was attempted
by TLC with various compositions of the elutant (ethyl acetate):(hexane) ranging from
100:1 to 60:1, but to no avail.
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Figure 3.18. 31P{1H} NMR spectrum of the products obtained by vacuum distillation.

Finally, we attempted to prepare 1-(diethylphosphino)-2-phenylphosphinobenzene,
d3, via the same route by adding 2.0 equiv. of EtMgCl to the mixture of PhMgBr/ZnCl2 and
f (Scheme 3.30).

Scheme 3.30. Preparation of 1-(diethylphosphino)-2-phenylphosphinobenzene, d3.

Two doublets at δ = -20.1 ppm and δ = -26.9 ppm (JP,P = 138.9 Hz) are observed by
31

P{1H} NMR spectroscopy (Figure 3.19) and are assigned to the PPh2 and PEt2

substituents, respectively, in 1-(diethylphosphino)-2-diphenylphosphinobenzene, d4 (Figure
3.20). These exhibit a second order splitting pattern part of an AB spin system.
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Figure 3.19. 31P{1H} NMR spectrum of compound d4.

Figure 3.20. Structure of 1-(diethylphosphino)-2-diphenylphosphinobenzene, d4.

This study of the Grignard-mediated alkylation and arylation of ophenylenebis(dichlorophosphino)benzene, f, has allowed us to develop a successful
synthetic approach for the preparation of the starting material f, but it has also
demonstrated the rather difficult control over the substitution at the P-Cl bond, which is
clearly evidenced by our inability to synthesize the desired bisphosphine d.
3.7.

Arylation via Aromatic Nucleophilic Substitution Reaction

3.7.1. General Considerations for the Alkali Metal-Mediated Alkylation Reaction

The modification of alkylphosphines via the reaction of sodium (and potassium)
alkylphosphides with alkyl halides has been known since the early 1940’s (Scheme
3.31).3.22a
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Scheme 3.31. Reaction of sodium phosphides with alkyl halides.3.22a

The sodium phosphide intermediate is formed by the reaction of sodium metal
with the appropriate alkylphosphine in liquid ammonia, or possibly in ether solvents such
as diethyl ether or THF, and suitable alkyl halides (chlorides to iodides).
In 1963, Aguiar et al.3.40 reported the reactions of lithium diphenylphosphide with
m- and p-bromo- and iodotoluenes in THF (Scheme 3.32). In their attempt at elucidating

the mechanism of this reaction, they did not observe the presence of cine substitution,
thus strongly disputing the possibility of an aryne mechanism, but they suggested a
concerted displacement mechanism involving a transition state whose structure
incorporated two Ph2P-Li+ ion pairs and the aryl halide.

Scheme 3.32. Reactions of lithium diphenylphosphide with m- and p-halotoluenes.3.40

Later studies performed by Bunnett et al.3.41 in DMSO have dismissed this
mechanism, and instead, supported a thermally induced aromatic nucleophilic
substitution via an SRN1 reaction mechanism (Scheme 3.33).

Scheme 3.33. SRN1 propagation sequence as proposed by Bunnett et al.3.41
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The SRN1 mechanism is a radical chain mechanism involving initiation,
propagation, and termination steps. While little is known about the initiation and
termination steps, the propagation step involves three general stages. In stage M1, the
radical anion fragments into radical Ar• and anion X-. In stage M2, radical Ar• combines
covalently with the nucleophile diphenylphosphide to form the radical anion [ArPPh2]-•.
Finally, stage M3 is an electron transfer from radical anion [ArPPh2]-∏ to substrate ArX.
Further evidence of the SRN1 mechanism was provided by the inhibition of the reaction
by radical scavengers such as di-tert-butyl nitroxide.
Recently, Ashby and coworkers3.42 have investigated the purity of alkali metal
diphenylphosphides prepared via different methods by 31P NMR spectroscopy. Thus,
lithium diphenylphosphide was prepared by the reaction of Ph2PH with molar equivalents
of various metalating agents in THF (Table 3.6).
Table 3.6. Preparation of LiPPh2 from the reaction of Ph2PH with various sources of
Li.

Source of Li
nBuLi
PhLi
sBuLi
Li metal

Purity of LiPPh2 (%)
84
91
96
50

Sodium and potassium diphenylphosphide were also prepared by treating
diphenylphosphine with metallic sodium and potassium and were obtained in high purity
(Table 3.7).
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Table 3.7. Preparation of NaPPh2 and KPPh2 in high purity.

Source of alkali metal
Na
K
tBuOK

Purity of NaPPh2 or KPPh2 (%)
99
100
98

The effect of the purity of KPPh2 on the reaction with p-iodotoluene was also
investigated, and they determined that the single electron transfer reaction was highly
dependent upon the solvent used in the reaction. Thus, when the reaction was performed
in THF with KPPh2 prepared from K metal, a 42% yield of p-(diphenylphosphino)toluene
was obtained along with a 50% yield in toluene, whereas conducting the reaction in
DMSO with KPPh2 prepared from tBuOK gave a 79% yield. The difference observed in
the yields was attributed to the abstraction of hydrogen atoms from the α-carbons of THF
by aryl radicals, thus leading to the production of toluene. Dimethyl sulfoxide, on the
other hand, is more polar than THF and was employed to solvate ions as opposed to the
formation of ion pairs that can hinder the reaction.
3.7.2. Alkali Metal Route

As a basis for our work, we have employed the work of Issleib et al.3.43 on the
alkylation and arylation of o-phenylenebisphosphine mediated by the corresponding
sodium mono- and bisphosphides (Scheme 3.34). The possibility of substituting ophenylenebisphosphine with an aryl substituent led to the development of a modified
synthetic route based on the retrosynthetic scheme presented in Scheme 3.9.
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Scheme 3.34. Sodium-mediated alkylation and arylation of ophenylenebisphosphine.3.43

The modification was proposed in the second step leading to the synthesis of
compound d (Scheme 3.35). In this modified synthesis, we proposed to monosubstitute
the remaining PH2 on compound c by a reaction similar to that presented by Issleib et
al.3.43 This step involved formation of the corresponding alkali-bisphosphine with Na,

followed by substitution with PhBr in THF. The two remaining steps in the preparation of
rac,meso-et,ph-P4-Ph were kept identical to those initially proposed (Schemes 3.12 and

3.13).

Scheme 3.35. Proposed Na-mediated arylation of 1-(ethylphosphino)-2phosphinobenzene, c.

We have attempted the synthesis of the bisphosphine d via this route. The reaction
was performed by addition of 1.0 equiv. Na metal to a solution of c in THF, at ambient
temperature, resulting in the formation of an orange solution, which is a strong indication
of the formation of the sodium phosphide intermediate c′. Subsequent addition of PhBr at
-78 oC resulted in a dark red reaction mixture with precipitate, presumably NaBr. Judging
from the 31P{1H} NMR spectrum of the crude product obtained upon work up and
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extraction with diethyl ether, unreacted starting material c was present along with a
mixture of other unidentified phosphine compounds with positive chemical shifts (Figure
3.21).

Figure 3.21. 31P{1H} NMR spectrum of the Na-mediated reaction of c with PhBr.
Expansions of the spectrum are presented for visibility.

The absence of signals in the upfield chemical shift range δ = -15 to -50 ppm
indicates that the reaction did not generate the desired product d. Instead, it produced a
compound which exhibits a second order coupling pattern (JP,P = 82.6 Hz) as can be seen
from the red and blue expansions in Figure 3.21.
In order to further estimate the viability of this method, we have attempted the
arylation of the simple monophosphine phenylphosphine, and the results of this reaction
are summarized in Table 3.8.
Table 3.8. Preparation of diphenylphosphine via Na-mediated route.

Substrate
PhBr
PhI

Reaction Products
Ph2PH, PhPH2, and unidentified products
Ph2PH and PhPH2
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In both instances, the addition of Na metal to a solution of PhPH2 in THF
generated a yellow color, which strongly indicates metallation of the phenylphosphine
starting material. The reaction of the phenylphosphide anion with PhBr or PhI generates
an orange/red color. The spectra obtained from 31P{1H} NMR of the etheral extracts are
shown in Figure 3.22. As can be seen from both respective spectra, the utilization of PhI
as an arylating agent (blue) creates a much cleaner reaction and generates the desired
diphenylphosphine (δ = -39.2 ppm, s, lit.3.19c δ = -41.1 ppm) along with unreacted
phenylphosphine starting material. In the case of PhBr (red), the reaction produces, in
addition to the desired product, two unidentified compounds at δ = -65.7 ppm (s) and δ =
-69.0 ppm (s).

Figure 3.22. 31P{1H} NMR spectra of the products of reaction of PhPHNa with PhBr
(red) and PhI (blue).

In light of these promising results, we further tested the possibility of the arylation
reaction by attempting the synthesis of 1-(phenylphosphino)-2-phosphinobenzene, g, via
arylation of o-phenylenebisphosphine, b, with iodobenzene (Scheme 3.36).
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Scheme 3.36. Attempted Na-mediated synthesis of 1-(phenylphosphino)-2phosphinobenzene, g.

The addition of Na metal to a solution of b in THF produced an orange solution
which, upon addition of PhI at -78 oC, turned yellow. Analysis of the product obtained
upon extraction with diethyl ether indicated the presence of the starting bisphosphine b (δ
= -124 ppm, s) as the sole phosphorus-containing compound.
The apparent difficulty to control the reaction of Na metal on either phosphine
moiety of compound b and the lack of reactivity of both PhI and PhBr with respect to the
sodium phosphide have hampered the use of this route for the synthesis of rac,mesoet,ph-P4-Ph. The two phosphine moieties on b may compete in the reaction with alkali

metal and thus prevent the formation of the desired modified bisphosphines. This
competing reactivity was observed by Chatterjee et al.3.44 in their synthesis of 1-[2(chlorophenyl)methylphosphino]-2-dimethylphosphinobenzene (Scheme 3.37).
Seeking an alternative to the use of o-phenylenebisphosphine, b, as a starting material,
we have developed a novel, faster, and easier synthetic scheme based on the more readily
available methylenebis(phenylphosphine), h, as starting material for the synthesis of
rac,meso-et,ph-P4-Ph (Scheme 3.38). A key component of this novel synthetic scheme

is the phosphine building block 1-(diethylphosphino)-2-halobenzene, i1-3. We proposed to
synthesize it in three denominations, namely the iodo (i1), bromo (i2), and fluoro (i3)
derivatives.
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Scheme 3.37. Synthesis of 1-[2-(chlorophenyl)methylphosphino]-2dimethylphosphinobenzene by Chatterjee et al.3.44

Scheme 3.38. Proposed one-step preparation of rac,meso-et,ph-P4-Ph via alkalimediated route.
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In 1960, Hart3.45a reported the preparation of 1-(diethylphosphino)-2-bromobenzene, i2, albeit in only 26% yield, from the reaction of o-dibromobenzene with nBuLi,
followed by treatment with PEt2Cl (Scheme 3.39).

Scheme 3.39. Preparation of 1-(diethylphosphino)-2-bromobenzene, i2, as reported
by Hart.3.45

An explanation for the low yield was provided by Chen et al.3.45b in their study of the
thermal decomposition of o-bromophenyllithium. They found that the metallated
intermediate was stable at -110 oC in ether:THF (1:1) for only 2 h, and allowing the
reaction mixture to warm up to -90 oC resulted in major decomposition into benzyne and
a multitude of other compounds.
More recently, Bennett et al.3.46 have developed a route to synthesize i2 in much
larger yields (70%) by reaction of EtMgI with 1-(dichlorophosphino)-2-bromobenzene in
diethyl ether (Scheme 3.40).

Scheme 3.40. Preparation of 1-(diethylphosphino)-2-bromobenzene, i2, as reported
by Bennett et al.3.46

However, this route requires the cumbersome multi-step synthesis of 1(dichlorophosphino)-2-bromobenzene from o-bromoaniline, which was reported by Talay
and Rehder3.47 in low overall yields (24%, Scheme 3.41).
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Scheme 3.41. Preparation of 1-(dichlorophosphino)-2-bromobenzene, as reported by
Talay and Rehder.3.47

A viable and possibly easier route involving a Grignard reagent intermediate was
also reported by Hart3.45a for the synthesis of 1-(diethylphosphino)-2-chlorobenzene from
o-dichlorobenzene in 50% yield. We have attempted this route for the preparation of

compound i2, and the results of this study are reported in Table 3.9.
Table 3.9. Grignard-mediated preparation of i2.

Source of Mg
Turnings
Powder (-325 mesh)

Isolated yield (%)
10
20

The mono Grignard intermediate was prepared by treatment of elemental Mg with
o-dibromobenzene in diethyl ether under reflux. Ethyl bromide was added as a catalyst to

assist in the formation of the Grignard reagent. Unreacted Mg was separated by filtration
over Celite and the resulting solution was treated with PEt2Cl at 0 oC. The low isolated
yields obtained via this route were quite disappointing, and were likely due to the partial
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conversion of o-dibromobenzene into the corresponding mono Grignard reagent, and
interference by reaction of Mg with EtBr to produce the corresponding alkyl Grignard
EtMgBr. The 31P{1H} NMR spectra of the product of each reaction clearly show the title
compound i2 at δ = -14.7 ppm (s) and δ = -13.9 ppm (s) (lit.3.46 δ = -15.4 ppm), along
with PEt3 (δ = -26.0 ppm, s), and an unidentified by-product at δ = -54 ppm (s) (Figure
3.23).

Figure 3.23. 31P{1H} NMR spectra of the product mixtures obtained with elemental
Mg in the form of turnings (blue) and powder (red).

The preparation of mono Grignard reagent in high yield without the use of
entraining compounds such as EtBr appeared to be hindered by the low reactivity of
elemental Mg toward o-disubstituted aryl halides.
However, we discovered an interesting alternative in the work of Boymond et
al.3.49 who applied an iodine-magnesium exchange mechanism for the preparation of

highly functionalized aryl Grignard reagents (Scheme 3.42).
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Scheme 3.42. Boymond’s iodine-magnesium exchange.3.49

In particular, they reported the preparation of the Grignard reagent Br(oC6H4)MgBr in high yield (95%) via this powerful method. This method has been utilized
in the preparation of aromatic aldehydes and allylic compounds,3.49a as well as
polyfunctional unsaturated amines,3.49b among others, but its utilization in the synthesis of
aryl phosphines has not been reported. We believed that this synthetic route would be
suitable for the synthesis of compounds i1 through i3 by reaction of iPrMgBr with the
appropriate o-dihalobenzene reagent, followed by addition of the electrophile species
PEt2Cl.
Various reaction conditions have been investigated in the preparation of
compounds i1-3, and the results of this study are summarized in Table 3.10. We decided
upon the use of iPrMgBr as a source of Mg as opposed to the reportedly more reactive
iPr2Mg due to the easier preparation of the former reagent.3.49b,3.50 The synthesis of i2 was

performed with o-iodophenylbromide (entries 1 and 2), and with o-dibromobenzene
(entries 3-10) in order to study the effect of the leaving group on the reaction.
When o-iodophenylbromide was used, the yield appeared highly dependent on the
addition temperature. Thus, the yield went from 65% when both additions were
performed at -40 oC and -78oC (entry 1), respectively, to only 40% when both additions
were performed at -25 oC and the aryl Grignard reagent was allowed to warm up to
ambient temperature (entry 2).
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Table 3.10. Investigation into the halide-magnesium exchange reaction for the
preparation of arylphosphines i1-3.

Entry

Substrate

1

Reaction conditions
1.1 equiv. iPrMgBr/-40 oC, 1 h
1.1 equiv. PEt2Cl/-78 oC

2

1.0 equiv. iPrMgBr/-25 oC, 2 h; 25 oC, 1 h
1.0 equiv. PEt2Cl/-25 oC

40

3

1.1 equiv. iPrMgBr/-40 oC, 1 h
1.1 equiv. PEt2Cl/-78 oC

9

4

1.0 equiv. iPrMgBr/25 oC, 16 h
1.0 equiv. PEt2Cl/0 oC

5

1.0 equiv. iPrMgBr/0 oC, 2 h; 25 oC, 1 h
1.0 equiv. PEt2Cl/-25 oC

43

6

1.0 equiv. iPrMgBr/0 oC, 2 h; 25 oC, 12 h
1.0 equiv. PEt2Cl/-25 oC

10

7

1.0 equiv. iPrMgBr/0 oC, 2 h; 25 oC, 16 h
1.0 equiv. PEt2Cl/0 oC

8

1.0 equiv. iPrMgBr/0 oC, 2 h
1.0 equiv. PEt2Cl/-25 oC

66

9

1.0 equiv. iPrMgBr/0 oC, 4 h
1.0 equiv. PEt2Cl/-25 oC

68

10

1.0 equiv. iPrMgBr/0 oC, 6 h
1.0 equiv. PEt2Cl/-25 oC

76

11

1.1 equiv. iPrMgBr/-40 oC, 1 h
1.1 equiv. PEt2Cl/-78 oC

68

12

1.0 equiv. iPrMgBr/0 oC, 6 h
1.0 equiv. PEt2Cl/-25 oC

75

13

1.0 equiv. iPrMgBr/0 oC, 6 h
1.0 equiv. PEt2Cl/-25 oC

74
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Product

Yield (%)
65

--

--

--

--

The low reactivity of o-dibromobenzene toward iPrMgBr is clearly evidenced at
low temperature (entry 3), and the major product (90%) obtained under these reaction
conditions appears as a singlet at δ = -4.9 ppm (s) by 31P{1H} NMR spectroscopy (Figure
3.24). We believed that this compound could very likely be iPrPEt2 formed from the sidereaction of PEt2Cl with the Grignard reagent iPrMgBr. A simple experiment confirmed
these assumptions as the addition of iPrMgBr to a solution of PEt2Cl in THF produced a
singlet at δ = -4.9 ppm by 31P NMR spectroscopy.

Figure 3.24. 31P{1H} NMR spectrum of the product resulting from the low
temperature halide-magnesium exchange reaction with o-dibromobenzene and
PEt2Cl.

The lack of reactivity of o-dibromobenzene at low temperature led us to
investigate higher reaction temperatures. Performing the additions at 25 oC and 0 oC did
not generate any product i2 (entry 4), but performing the additions at 0oC and -25oC,
respectively, gave much better results (entries 5, 6, 8, 9, and 10). Again, allowing the aryl
Grignard reagent to warm to ambient temperature for extended periods of time prior to
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the addition of PEt2Cl led to a decrease in the reaction yield from 43% to 10% (entries 5
and 6). It is important to note that the temperature of the second addition appears to be
much more critical as no product is observed when it is performed at 0 oC (entry 6),
which is also consistent with the results obtained in entry 4. In contrast, the best results
are obtained when the addition of iPrMgBr is performed at 0 oC, which avoids
crystallization of the aforementioned Grignard reagent as well as aryl Grignard product,
followed by stirring at 0 oC for 6 h to allow the reaction to proceed to completion, and
finally, addition of PEt2Cl at -25 oC (entry 10). In addition to giving the best results, this
method also has the advantage of generating a very clean reaction mixture by 31P NMR
spectroscopy (Figure 3.25).

Figure 3.25. 31P{1H} NMR spectra of the crude reaction mixture from entry 10
(blue) and distilled 1-(diethylphosphino)-2-bromobenzene, i2 (red).
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In a similar manner, we were able to prepare the iodo and fluoro analogs 1(diethylphosphino)-2-iodobenzene, i1, and 1-(diethyphosphino)-2-fluorobenzene, i3,
respectively, in high yield (entries 11, 12, and 13). These compounds have not been
reported in the literature, and their respective assigned 31P{1H} NMR spectra show a
singlet at δ = 0.3 ppm and a doublet centered at δ = -23.1 ppm (JP,F = 37.3 Hz).

Figure 3.26. 31P{1H} NMR spectra of i1 (red), i2 (blue), and i3 (green).

It is interesting to note that as the electronegativity (χ) of the halogen ortho to the
PEt2 phosphine group increases (χI < χBr < χF), we see an upfield shift of the
corresponding signals (i.e., toward more negative chemical shifts). This particular trend
may appear unexpected at first, as the increase in electronegativity should generate a
deshielding of the nuclei, which would result in a shift of the signals downfield (i.e., to a
more positive chemical shifts). This effect is cancelled by p-π resonance from the
90

halogen to the C-P bond, thus increasing the electron density around the phosphorus
nucleus, which, in turn, results in an increase in the shielding of the nucleus and an
upfield shift of the signals, as illustrated in Scheme 3.43, a. Another explanation for the
upfield shift involves a “π-pushing” mechanism: the proximity of one of the lone electron
pairs on the F nucleus to the filled π molecular orbitals on the aryl ring results in the
destabilization of the latter due to orbital repulsion. This, in turn, results in an increase in
the π-donating ability of the aryl conjugated π system to the P nucleus as illustrated in
Scheme 3.43, b.

Scheme 3.43. Illustration of (a) the shielding of the P nucleus as a result of the
resonance effect, and (b) the “π-pushing” mechanism.

Tunney and Stille3.51 have reported the synthesis of 1-(diphenylphosphino)-2iodobenzene and 1-(diphenylphosphino)-2-bromobenzene via Pd-catalyzed P-C coupling
reactions, and the observed 31P{1H} NMR spectra exhibit the same pattern as that
observed with compounds i1 and i2, with an upfield shift of the signal from δ = 9.1 ppm
(s) to δ = -4.4 ppm (s), thus confirming our observations.
The coupling reaction between the methylenebis(phenylphosphine) core structure,
h, and the arylphosphine halides i1-3 was attempted under various reaction conditions as

summarized in Table 3.11. The addition of metal Na to a solution of h in THF or DMSO
generated a red color characteristic of sodium phosphide species. The resulting reaction
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mixtures were stirred until most or all of the Na was consumed, and the excess Na
(entries 4 and 6) was removed by filtration prior to the addition of substrate i1 or i2.
Table 3.11. Results from the alkali metal-mediated P-C coupling reaction.

Entry

Reaction conditions Step 1

Reaction conditions Step 2
Substrate Temperature
-78 oC

1

2.0 equiv. Na, THF, 25 oC

2

2.0 equiv. Na, THF, 25 oC

25 oC

3

2.0 equiv. Na, DMSO, 25 oC

25 oC

4

2.2 equiv. Na, DMSO, 80 oC/5 h

25 oC

5

2.0 equiv. Na, THF, 25 oC

-78 oC

6

2.2 equiv. Na, THF, 25 oC

25 oC

7

2.0 equiv. K, DME, 25 oC

25 oC,
103 oC/16 h
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Result
Partial
decomposition
of i1
Partial
decomposition
of i1
Partial
decomposition
of i1
Partial
decomposition
of i1
Partial
decomposition
of i2
Partial
decomposition
of i2
Mixture of
unidentified
compounds

The 31P{1H} NMR spectrum of the sodium methylenebis(phenylphosphide)
solution (Figure 3.27) exhibits two resonances appearing as two doublets centered at δ =
-36.0 ppm (d, JP,P = 322.5 Hz) and , δ = -63.0 ppm (d, JP,P = 322.5 Hz) with a second
order splitting pattern of an AB spin system. Two additional second order splitting
patterns can be observed centered at δ = -37.2 ppm (d, JP,P = 99.2 Hz, the second peak
coinciding with the base of the signal observed at δ = -35.58 ppm), and δ = -66.1 ppm (d,
JP,P = 99.2 Hz). A major resonance is also observed at δ = -78.3 ppm (s) as well as two

additional signals at δ = -104.4 ppm (br s) and δ = -117.9 ppm (s). Ashby and coworkers3.42 have observed the presence of major and minor resonances in their study of
the sodium and potassium salts of diphenylphosphide anions. In our case, hydrolysis of
the reaction medium with water resulted in the disappearance of the major and minor
resonances, and these were replaced by two singets at δ = -53.9 ppm and δ = -54.8 ppm
corresponding to compound h.

Figure 3.27. 31P{1H} NMR spectrum of the sodium bisphosphide solution in THF.

The addition of i1 or i2 to a solution of the presumed sodium bisphosphide in THF
at -78 oC (entries 1 and 5) resulted in the partial decomposition of i1 and i2 into
diethylphosphinobenzene, i′ as indicated by their respective 31P{1H} NMR spectra,
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which, in both cases, show the presence of a singlet at δ = -15 ppm (Figures 3.28 and
3.29). Additional signals appear at δ = 47.7 ppm (s) and δ = 44.1 ppm (s) in the case of i2,
but these have not been assigned and are not in the expected chemical shift range of the
desired tetraphosphine compound rac,meso-et,ph-P4-Ph.

Figure 3.28. 31P{1H} NMR spectra from the reaction of Na diphosphide with i1 (red)
and i2 (blue) at -78 oC in THF.

Figure 3.29. Structure of diethylphosphinobenzene, i′, by-product.

Performing the addition of i1 or i2 at higher temperature (i.e., at ambient
temperature) did not improve their reactivity (entries 2 and 6), and the use of the more
polar DMSO solvent, with or without heating, did not result in any modification in the
composition of the reaction mixtures (entries 3 and 4).
These observations clearly point to the unexpected reactivity of i1 and i2 vis-à-vis
the Na+ cations as opposed to the bisphosphide anions. Also, these results do not support
an SRN1 mechanism as proposed by Bunnett et al.3.41 in the case of the reaction between
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p-iodotoluene and Ph2P- anions. The presence of the PEt2 substituent in ortho position to

the halide is probably to blame for this difference in reactivities. The solvents employed
in this synthesis are not believed to have had an impact on its outcome. Indeed, while
liquid ammonia is the solvent of choice for this type of reaction, Ashby et al.3.42 reported
the use of THF and DMSO as suitable solvents for the preparation of potassium
diphenylphosphide, and we anticipated that DMSO would have the same effect and
would also promote the solvation of the bisphsophide anions and increase their reactivity
toward i1 and i2.
Nucleophilic phosphination of fluoroaromatic systems with primary or secondary
metal alkali phosphides usually requires activation of the C-F bond by electron
withdrawing substituents like SO3M, CN, or COOM (M = Na, K).3.51 In 1988, Christina
et al.3.52 reported the synthesis of a series of phosphine ligands of the formula

(Ph2P)nC6H6-n (n = 1-4) via the reaction of sodium diphenylphosphide, Ph2PNa, and
mono-, di-, tri-, and tetrafluorobenzenes in liquid ammonia (Scheme 3.44).

Scheme 3.44. Synthesis of polyphosphorus ligands by Christina and co-workers.3.52

More recently, Stelzer et al.3.51 reported the preparation of water soluble
phosphines via nucleophilic phosphination of fluoroaromatic compounds with alkali
metal phosphides in anhydrous solvents (Scheme 3.45).

Scheme 3.45. Synthesis of aryl phosphines via nucleophilic phosphination of
fluoroaromatic compounds.3.51
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Thus, based on these two successful examples, we have attempted the preparation
of rac,meso-et,ph-P4-Ph via the reaction of the potassium salt of bisphosphide h with 1(diethylphosphino)-2-fluorobenzene, i3, in DME (Table 3.11, entry 7). The addition of
more reactive K metal to a solution of h in DME is noticeably more exothermic than the
same reaction with Na metal, and results in a red-orange color with precipitate
(presumably the potassium methylenebis(phenylphosphide) salt). The addition of i3 to
this reaction mixture generates a dark orange color which remains upon heating at 103 oC
for 16 h.
In contrast to the results obtained with i1 and i2, the 31P{1H} NMR spectrum of the
reaction mixture after heating shows a multitude of interesting P resonances and little to
no decomposition of i3 into i′ (Figure 3.30). An expansion of the areas of interest (blue
and green) allows us to differentiate different splitting patterns, and at least two different
compounds can easily be isolated: one that exhibits a clear second order splitting pattern
of an AX spin system with two doublets at δ = -26.5 ppm and δ = -34.1 ppm respectively
(JP,P = 143.8 Hz), and a second compound that has a splitting pattern of an AB spin
system with two doublets centered at δ = -21.7 ppm and δ = -26.0 ppm (JP,P = 14.8 Hz).
These resonances are present at the expected chemical shifts positions for rac,mesoet,ph-P4-Ph, but the integration of each signal did not give us the expected 1:1 ratio, thus

the presence of the desired compound was ruled-out. The spectrum also exhibits several
signals at δ = -14.8 ppm (s), δ = -16.2 ppm (d, JP,P = 24.8 Hz), δ = -17.7 ppm (s), δ = 21.9 ppm (s), δ = -24.2 ppm (s), and δ = -24.5 ppm (d, JP,P = 9.9 Hz). Two symmetrical
signals are found at δ = 57.6 ppm/δ = 53.5 ppm and δ = -63.2 ppm/δ = -67.3 ppm which
exhibit a second order splitting pattern characteristic of an AX spin system (JP,P = 416.8
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Hz). The resonance centered at δ = -43.9 ppm (d, JP,P = 124.0 Hz) could not be assigned.
However, the two singlets at δ = -69.3 ppm and δ = -123.4 ppm were assigned to byproducts PhP(Me)H and PhPH2, respectively, which result from the decomposition or
fragmentation of h probably due to the combination of heat and potassium.

Figure 3.30. 31P{1H} NMR spectrum from the reaction of KP(Ph)CH2(Ph)PK with i3.
Expansions in red, blue, and green are presented for clarity.

Purification of the organic extract obtained upon quenching with water has been
attempted by vacuum distillation but to no avail. Furthermore, the presence of those
different compounds made separation by column chromatograhy on silica impractical.
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Crystallization of the components of this mixture has also been attempted with a
host of polar (diethyl ether, DMF, DMSO, DCM, chloroform, MeOH, and EtOH) and
less polar solvents (pentane, hexane, benzene), but again, was unsuccessful, probably due
to the presence of too many compounds that act as impurities and prevent any
crystallization from occurring.
3.7.3. Deprotonation by tBuOK and KOH

Bunnett and Swartz3.41b were first to report the deprotonation of
diphenylphosphine by tBuOK in DMSO. They also studied the reactivity of the
diphenylphosphide anion toward p-bromo- and iodotoluene, and concluded that the
reaction proceeded at a much slower rate with p-bromotoluene than with the iodo analog,
which prompted them to propose an SRN1 mechanism depicted earlier in Scheme 3.33.
Ashby 3.42 has since studied the effect of the purity of potassium diphenylphosphide
prepared according to this route on the yield of the substitution reaction, and found it to
be a viable route for the preparation of modified arylphosphine compounds.
We have attempted the preparation of rac,meso-et,ph-P4-Ph via the reaction of
phosphines i1-3 with potassium bisphosphide KP(Ph)CH2(Ph)PK prepared by the reaction
of h with tBuOK in DMSO (Table 3.12). In all three instances, a solution of h in DMSO
was added to a solution of tBuOK also in DMSO, which generated a red reaction mixture
characteristic of the production of methylenebis(phenylphosphide) anions. The 31P{1H}
NMR spectrum obtained from this mixture (Figure 3.31, black spectrum) shows two
resonances appearing as two doublets with a second order splitting pattern part of an AB
spin system centered at δ = -35.0 ppm (d, JP-P = 322.5 Hz) and δ = -53.2 ppm (d, JP-P =
322.5 Hz), as well as a signal at δ = -69.2 ppm (s). These patterns are similar to those
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observed with [PhPCH2PPh]2- obtained from the reaction of h with Na in DMSO,
thus giving a strong indication of the formation of the potassium bisphosphide
nucleophile.
Table 3.12. Tentative preparation of rac,meso-et,ph-P4-Ph in DMSO.

Reaction conditions Step 2
Substrate
Temperature
25 oC

Entry

Reaction conditions Step 1

1

2.0 equiv. tBuOK, DMSO,
25 oC

2

2.0 equiv. tBuOK, DMSO,
25 oC

105 oC

3

2.0 equiv. tBuOK, DMSO,
70 oC

70 oC

Result
Partial
decomposition of
i1
Formation of
unidentified
compounds
Formation of
unidentified
compounds

Figure 3.31. 31P{1H} NMR spectra of the potassium bisphosphide
KP(Ph)CH2(Ph)PK in DMSO (black), and reacted with i1 (green) in DMSO.
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The addition of i1 to the phosphide solution in DMSO produced a red solution
(entry 1). Its 31P{1H} NMR spectrum shows the presence of two major signals attributed
to unreacted i1 at δ = 0.7 ppm (s) and a product resulting from the decomposition of i1, i',
at δ = -15.0 ppm (s). The signals found in the downfield region to i1 cannot be assigned
and are likely the result of the fragmentation of h into monophosphine structures.
The addition of i2 to a solution of the phosphide in DMSO (entry 2) generates a
radically different mixture of compounds, which are indicated by the signals downfield
from the chemical shifts expected for rac,meso-et,ph-P4-Ph (Figure 3.32). Heating the
reaction medium at 105 oC did not modify its composition according to 31P NMR
spectroscopy. We can note that the signals indicating partial decomposition of i2 into i'
are not observed on this spectrum, thus indicating that this reaction proceeds through a
different mechanism from that of the iodo analog.

Figure 3.32. 31P{1H} NMR spectrum of the reaction of the potassium bisphosphide
KP(Ph)CH2(Ph)PK with i2 in DMSO.

In stark contrast to the results obtained with i1 and i2, the addition of the fluoride
i3 produces a multitude of compounds by 1P{1H} NMR spectroscopy (Figure 3.33). As
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can be seen from the NMR spectrum, two sets of two doublets can each be isolated, the
first, an AB spin system, centered at δ = 67.2 ppm (d, JP-P = 401.9 Hz) and δ = -71.1 ppm
(d, JP-P = 401.9 Hz), and the second, also an AB spin system, centered at δ = 51.5 ppm (d,
JP-P = 406.9 Hz) and δ = -53.1 ppm (JP-P = 406.9 Hz). The nature of these products cannot

be ascertained from the NMR spectrum only, and attempts at crystallization or separation
via column chromatography did not yield any positive
results.

Figure 3.33. 31P{1H} NMR spectrum of the reaction of the potassium bisphosphide
KP(Ph)CH2(Ph)PK with i3 in DMSO. Red expansion provided for clarity.

Side-reactions are very likely to occur in this type of reaction medium. For
instance, Mann and co-workers3.53 have reported the facile oxidation of Ph2PH into
diphenylphosphine oxide, Ph2P(H)O, with DMSO, and subsequent reaction of the
intermediate Me2S with Ph2PK to form Ph2PMe (Scheme 3.46).
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Scheme 3.46. Oxidation of Ph2PH with DMSO and subsequent formation of
Ph2PMe.3.53

Likewise, Langhans and Stelzer3.54 have reported the oxidative fragmentation of
the P-C-P bridge from methylenebis(phenylphosphine), h, in “superbasic” DMSO
reaction medium (Scheme 3.47).

Scheme 3.47. Oxidative fragmentation of h in “superbasic” DMSO solution.3.54

These fragments appear to have formed in low concentration in our reaction, and
their respective chemical shifts (δ = -23 ppm for [PhP(H)O(O)]-, and δ = 22.8 ppm for
[PhP(Me)O(O)]-)3.54 are observed at δ = -22.9 ppm (s) and δ = 19.9 ppm (s), respectively,
in Figure 3.33.
It is interesting to note that the signals in the region δ = -24 to -27 ppm exhibit a
splitting pattern centered at δ = -24.9 ppm (t, JP-P = 39.7 Hz), which can be tentatively
ascribed to the coupling between a P nucleus (P1) and two chemically and magnetically
equivalent vicinal or geminal P nuclei (P2 and P3) as illustrated in Figure 3.34. These are
possibly part of an AA' spin system, which would result in the doublet from the two
equivalent nuclei P2 and P3 to coincide with the triplet from the nucleus P1. In turn, this
explains the skewed shape observed for the triplet, the doublet probably contributing to
the height of the first two signals (δ = -24.5 ppm, δ = -24.9 ppm) in the aforementioned
triplet, and this gives a reasonable explanation for the absence of a doublet with a
coupling constant JP,P = 39.7 Hz in any other region of the NMR spectrum. No
confirmation could, however, be provided for that assumption.

102

Figure 3.34. Illustration of the geminal and vicinal P nuclei resulting in the observed
splitting pattern.

Stelzer et al.3.55 have reported the preparation of a variety of water-soluble
phosphines via nucleophilic aromatic phosphination reactions of fluoroaromatic
compounds performed in “superbasic” media,3.54 using secondary or primary phosphines
and solid KOH as the base in aprotic dipolar solvents (e.g. DMSO). Thus, Ph3P can be
produced in high yields from the reaction of PH3 with KOH in DMSO, followed by
arylation of the phosphide intermediate with flurorobenzene (Scheme 3.48).3.55a

Scheme 3.48. Preparation of Ph3P from PH3, KOH, and C6H5F or C6H5Br in
DMSO.3.55a

The use of bromobenzene, on the other hand, does not afford the desired product
and results in only partial arylation of PH3, each product being generated in poor yield.
Judging from the literature and the results obtained in previous experiments
(Table 3.11, entry 7, and Table 3.12, entry 3), it is apparent that 1-(diethylphosphino)-2fluorobenzene, i3, is the arylalkylphosphine substrate of choice for the preparation of
rac,meso-et,ph-P4-Ph via nucleophilic aromatic phenylation reaction. The use of KOH

as a base in DMSO should generate the “superbasic” conditions necessary to afford the
production of [PhPCH2PPh]2- anions for the nucleophilic aromatic phosphination of i3 to
take place. Thus, we have attempted this reaction under various conditions as
summarized in Table 3.13.
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Table 3.13. Nucleophilic aromatic phosphination of i3 with h and KOH in DMSO.

Entry
1a
2b
3a

Reaction conditions
Step 1
2.1 equiv. KOH pellets, DMSO,
25 oC

Reaction conditions
Step 2
60 oC/24 h

2.6 equiv. KOH/H2O, DMSO,
25 oC
2.1 equiv. KOH powder, DMSO,
25 oC

60 oC/48 h
70 oC/6 d
105 oC/24 h

Result
Mixture of
inseparable
compounds
Fragmentation of h
Formation of
triphosphine
compound j

a

Solution of h in DMSO added to suspension of KOH in DMSO. b56 % wt solution of
KOH in H2O added to solution of h in DMSO.
In entry 1, a solution of h in DMSO was added to a suspension of KOH pellets,
also in DMSO, at ambient temperature, which generated an orange reaction mixture. The
KOH pellets have a very low solubility in the aprotic solvent DMSO, and this resulted in
most of the KOH pellets remaining undissolved even after the addition of h. The 31P{1H}
NMR spectrum of the reaction medium shows two resonances at δ = -52.2 ppm (s) and δ
= -54.4. ppm (s), which are attributed to the two diastereomeric forms of potassium
methylenebis(phenylphosphide), and a third resonance at δ = -69.4 ppm (s), which is
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assigned to KP(Me)Ph resulting from possible fragmentation of h by KOH in the
“superbasic” reaction medium.

Figure 3.35. 31P{1H} NMR spectrum of h and KOH in DMSO.

The addition of i3 to this solution generated a red color, but the lack of reactivity at
ambient temperature, as observed by 31P NMR spectroscopy, prompted us to apply heat
in order to promote the reaction. The 31P NMR spectrum of the crude reaction mixture
after 24 h at 60 oC (Figure 3.36, bottom spectrum) shows the presence of two major
resonances at δ = 20.1 ppm (s) and δ = 8.5 ppm (s), along with a complex splitting
pattern in the spectral region δ =-24.0 to -27.0 ppm. The spectrum also shows the
presence of a doublet centered at δ = -34.5 ppm (JP,P = 143.9 Hz). The addition of water
to quench the reaction (Figure 3.36, spectra in red) results in the disappearance of the two
singlets downfield, and a dramatic simplification of the signals splitting pattern is
observed, but the doublet at δ = -34.5 ppm remains unchanged. The modified spectrum
exhibits several second order splitting patterns, one with two doublets part of an AB spin
system centered at δ = -16.6 ppm (J1,2 = 24.8 Hz) and δ = -18.5 ppm (J4,5 = 24.8 Hz), a
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second composed of a doublet of doublets as part of an AA'A" spin system at δ = -25.9 to
-29.1 pm (J7,9 = J8,10= 158.8 Hz, and J8,9 = 14.9 Hz). The resonances at δ = -34.0 ppm and

δ = -35.48 ppm appear to belong to the same unique phosphine compound (J11,12 = 143.9
Hz). Finally, a second order splitting pattern consistent with an AX spin system is
observed between signals 3, 4, and 8, 9 (J3,4 = J8,9 = 14.9 Hz).

Figure 3.36. 31P{1H} NMR spectra of the reaction of KP(Ph)CH2(Ph)PK with i3 in
DMSO, prior to addition of H2O (black), and after addition of H2O (red). An
expansion of the red spectrum is presented for clarity.

106

Attempts at the crystallization of phosphine compounds from n-hexane resulted in
the formation of a white solid which was not suitable for X-ray crystallography. The
analysis of this solid by 31P{1H} NMR spectroscopy shows the presence of at least five
different phosphine compounds with the following chemical shifts: δ = -16.9 ppm (s), δ =
-18.4 ppm (d, JP,P = 29.7 Hz), δ = -19.9 ppm (s), δ = -25.0 ppm (s), and finally δ = -26.6
ppm (d, JP,P = 19.8 Hz) (Figure 3.37). Surprisingly, these signals were not observed in the
crude reaction mixture.

Figure 3.37. 31P{1H} NMR spectrum of the white solid resulting from the
crystallization in n-hexane.

The same observation can be made of the spectrum obtained with the mother
liquor, as the signals are different from those of the crude reaction mixture (Figure 3.38).
However, we can distinctly observe unreacted i3 (doublet centered at δ = -21.7 ppm, JP,F
= 34.7 Hz) and four singlets at δ = -26.1 ppm, δ = -27.6 ppm, δ = -34.2 ppm, and δ =
-35.7 ppm. A second order splitting pattern is also observed and consists of two doublets
part of an AX spin system centered at δ = -25.0 ppm (JP,P = 129.0 Hz) and δ = -44.9 ppm
(JP,P = 129.0 Hz).
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Figure 3.38. 31P{1H} NMR spectrum of the mother liquor from the crystallization in
n-hexane.

The addition of an aqueous solution of KOH to h in DMSO (entry 2) generated an
orange solution similar to that previously described. The 31P{1H} NMR spectrum (Figure
3.39) of this solution shows a larger proportion of bisphosphide anions (δ = -53.3 ppm
and δ = -55.4 ppm) to Ph(Me)PH (δ = -70.3 ppm) by comparison to the spectrum in
Figure 3.35. This method for the generation of phosphide anions has been described by
Stelzer and Langhans,3.54 as well as by Kabachnik et al.,3.56 and relies on the fact that the
acidity of the P-H acids in DMSO is higher than that of water by 3 to 13 pKa units.3.56
The subsequent addition of i3 at ambient temperature generated the characteristic
red color, but no reactivity could be observed by 31P{1H} NMR spectroscopy (Figure
3.40, bottom spectrum). Heating the reaction medium at 60 oC for prolonged periods of
time resulted in a decrease in the bisphosphide anions signals, but a concomitant increase
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in the signal for Ph(Me)PH, as well as the appearance of resonances in the downfield
region, could also be observed (Figure 3.40, upper spectrum), indicating fragmentation of
h into a multitude of monophosphine compounds.Additionally, the arylphosphine i3 does

not appear to have reacted as its characteristic signal can still be observed at δ = -24.7
ppm (d, JP,F = 39.7 Hz) even upon heating at 60 oC for 48 h.

Figure 3.39. 31P{1H} NMR spectrum of the bisphosphide anions generated by
reaction of h with an aqueous solution of KOH.

A different method for the preparation of the bisphosphide anions was attempted
with finely divided KOH powder, which should increase the reactivity of the latter
reagent toward h (entry 3). The 31P{1H} NMR spectrum of the reaction mixture obtained
under these conditions (Figure 3.41) shows the presence of mainly Ph(Me)PH (δ = -69.5
ppm), and some unidentified compounds at δ = 53.5 ppm (s), δ = -30.9 ppm (s), δ = -34.1
ppm (s), δ = -41.3 ppm (br m), δ = -50.8 ppm (s), δ = -54.8 ppm (s), δ = -62.1 ppm (s),
and δ = -80.1 ppm (s).
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Figure 3.40. 31P{1H} NMR spectra of the reaction mixture upon addition of i3 after 2
h at room temperature (black), and after 24 h at 60 oC (red).

Figure 3.41. 31P{1H} NMR spectrum from the reaction of h with KOH powder in
DMSO.
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Upon addition of i3 to the bisphosphide solution, the reaction medium turned red
but no reactivity was observed by 31P{1H} NMR spectroscopy at ambient temperature.
Heating the solution at 70 oC for up to 6 days generated additional signals in the
downfield region of the spectrum, as well as resonances in the region δ = -23.0 to -45.0
ppm (Figure 3.42). The phosphine i3 is still present in the reaction medium (δ = -24.7
ppm, d, JP,F = 39.7 Hz), thus indicating only a partial reactivity with the bisphosphide.
The signal at δ = -69.5 ppm has disappeared and six main resonances can be isolated at δ
= 19.9 ppm (s), δ = 8.4 ppm (s), δ = -33.8 ppm (s), δ = -35.2 ppm (s), δ = -43.3 ppm (s),
and δ = -44.5 ppm (s). Further heating of the solution at 105 oC for 24 h did not alter the
composition of the reaction mixture.

Figure 3.42. 31P{1H} NMR spectrum of the solution obtained upon addition of i3 and
heating at 70 oC for 6 days. The red expansion is presented for clarity.
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Attempts at isolating the products of reaction by vacuum distillation only yielded
the unreacted phosphine i3. Recrystallization from DMF was attempted on the distillation
residue and yielded a white crystalline solid. A sample of this solid was submitted for Xray structural analysis and was determined to be the novel triphosphine compound
bis(o-phenylenediethylphosphino)phenylphosphine, j (Figures 3.43 and 3.44).

Figure 3.43. Structure of bis(o-phenylenediethylphosphino)phenylphosphine, j.

Figure 3.44. ORTEP representation of bis(o-phenylenediethylphosphino)phenylphosphine, j.
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While these results clearly demonstrate the ability of the bisphosphine h to
undergo phenylation with 1-(diethylphosphino)-2-fluorobenzene, i3, they also point to the
cleavage of the methylene bridge in h which results in the formation of the triphosphine j.
The fragmentation of bisphosphine h is likely due to the relatively high strength of the
KOH base in DMSO employed in this reaction.
Most recently, we have attempted the preparation of the bisphosphine (ophenylenediethylphosphino)phenylphosphine, k, which would then be converted to
rac,meso-et,ph-P4-Ph via KOH-assisted coupling with CH2Cl2, in an identical manner to

that employed in the synthesis of the regular bisphosphine h3.54 (Scheme 3.49).

Scheme 3.49 Proposed preparation of rac,meso-et,ph-P4-Ph via bisphosphine k.

Analysis of the crude red suspension by 31P{1H} NMR spectroscopy (Figure 3.45)
exhibits two resonances appearing as two doublets centered at δ = -24.1 ppm (JP,P = 119.0
Hz) and δ = -44.0 ppm (JP,P = 119.0 Hz), which can be assigned to the PEt2Ph and the
Ph2PH moieties on k, respectively. We are currently in the process of isolating k in order
to obtain additional characterization and structural information.
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Figure 3.45. 31P{1H} NMR spectrum of the crude product from the synthesis of k.

The inability of methylenebis(phenylphosphine), h, to undergo nucleophilic
phosphination with iodo- and bromo-substituted arylalkylphosphines (respectively i1 and
i2) in the presence of a base indicates that the reaction does not appear to proceed via an

SRN1 mechanism. Instead, the formation of compound j from the fluorinated aryl
alkylphosphine i3 supports a rather more common SNAr mechanism (Scheme 3.50).

Scheme 3.50. Proposed SNAr mechanism for the preparation of rac,meso-et,ph-P4-Ph
from methylenebis(phenylphosphide) anions and 1-(diethylphosphino)-2fluorobenezene, i3.
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3.8.Palladium-Catalyzed Phosphorus-Carbon Bond Formation
3.8.1. General Considerations

Since their discovery by Heck3.57 in the early 1970’s, palladium-catalyzed
coupling reactions have become some of the most important synthetic methods for the
formation of new carbon-carbon bonds. These reactions can be regrouped into three
principal categories: (i) the Heck reaction3.57 (i.e., reaction between an aryl- and/or alkyl
halide and a vinyl functionality); (ii) the Stille reaction3.58 (i.e., cross-coupling reaction of
organotin reagents with a variety of organic electrophiles); (iii) and the Suzuki
coupling3.59 (i.e., cross-coupling of aryl halides with aryl boronic acids) (Scheme 3.51).

Scheme 3.51. Heck,3.57 Stille,3.58 and Suzuki3.59 palladium-catalyzed carbon-carbon
bond formation reactions.

In the early 1980’s, Hirao et al.3.60 developed an analogous reaction in the
palladium-catalyzed phosphorus-carbon bond formation for the preparation of dialkyl
arylphosphinates in moderate to high yields (Scheme 3.52).

Scheme 3.52. Pd-catalyzed P-C bond formation for the preparation of dialkyl
arylphosphinates by Hirao et al.3.60
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This reaction is proposed to occur via the catalytic cycle depicted in Scheme 3.53. The
Pd(0) metal center undergoes oxidative addition with the aryl halide to generate the key
intermediate aryl-palladium complex (1). Subsequent deprotonation of the tri-coordinated
tautomeric form of the tertiary phosphinate (2a) by Et3N facilitates the attack of the
phosphorus nucleophile at the aryl palladium complex with loss of an halide anion to form
Et3N·HX and the intermediate (3). Finally, reductive elimination of the final product (4)
regenerates the active Pd(0) catalyst species.

Scheme 3.53. Proposed mechanism for the palladium-catalyzed preparation of dialkyl
arylphosphinates.3.60 The PPh3 ligands on Pd(0) have been omitted for clarity.

Likewise, Xu et al.3.61 have reported the preparation of chiral isopropyl aryl- and
alkenylphosphinates via the palladium-catalyzed route (Scheme 3.54).
The Stille-type palladium-catalyzed phosphorus-carbon coupling reaction was
reported by Tunney and Stille.3.62 In this synthesis, they utilized aryl halides and
(trimethylsilyl)diphenylphosphine with 1.0 to 3.5 mol % of Pd catalyst to prepare arylmodified mono- and bisphosphines in high yields (Scheme 3.55).
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Scheme 3.54. Preparation of chiral phosphinates by Xu et al.3.61

Scheme 3.55. Palladium-catalyzed coupling of aryl halides with
(trimethylsilyl)diphenylphosphine.3.62

117

The proposed catalytic cycle requires the generation of the key active catalyst species
L2Pdo by reductive elimination of the bis(diphenylphosphino)palladium(II) complex to
produce tetraphenyldiphosphine. Oxidative addition of the aryl halide onto the Pd(0) metal
center, followed by transmetalation reaction between the arylpalladium halide and
trimethylsilyldiphenylphosphine, generate the arylpalladium diphenylphosphine complex.
Finally, reductive elimination of the aryldiphenylphosphine product regenerates the active
palladium(0) catalyst species.
More recently, Stelzer and co-workers3.63 have performed elegant work on the
synthesis of water-soluble phosphines via palladium-catalyzed cross-coupling reactions
between primary or secondary phosphines and functional aryliodides and bromides
(Scheme 3.56).

Scheme 3.56. Preparation of water-soluble phosphines via Pd-catalyzed cross-coupling
reactions.3.63
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The proposed catalytic cycle for this reaction is illustrated in Scheme 3.57, and is similar to
other Pd-catalyzed cross-coupling reactions.3.63a The first step is an oxidative addition of
the aryliodides to the catalytically active Pd(0) species, followed by a base-assisted
nucleophilic replacement of the iodine ligand by the diphenylphosphine group to give the
Ph2P-Pd(II)-C6H4-X (or Ph2P-Pd(II)-C6H4-XY) intermediate. A reductive elimination step
is then required to release the tertiary phosphine products Ph2P-Ar-X(XY) and regenerate
the key active Pd(0) catalyst species.

Scheme 3.57. Proposed catalytic cycle for the Pd-catalyzed P-C cross-coupling
reaction.3.63a

Of particular interest to us is Stelzer’s reported preparation of the modified
bisphosphine ligand II (in 65% yield) using this synthetic route (Scheme 3.58).3.63b

Scheme 3.58. Stelzer’s preparation of bisphosphine ligand II via Pd-catalyzed P-C
cross-coupling reactions.3.63b
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Indeed, the starting material propylenebis(phenylphosphine), I, is similar to the
methylenebis(phenylphosphine), h, which is synthesized in our laboratory. Moreover,
Stelzer did not observe any deactivation of the Pd catalyst by formation of stable Pd(0)
chelate structures with the bidentate ligand I, and thus we believed this route could be a
viable candidate for the efficient synthesis of rac,meso-et,ph-P4-Ph.
3.8.2.

Attempted Preparation of rac,meso-et,ph-P4-Ph from Methylenebis(trimethylsilylphenylphosphine), h′

We proposed an adaptation of the work of Tunney and Stille3.62 on the palladiumcatalyzed phosphorus-carbon coupling reaction by reacting the TMS-protected
bisphosphine h′ with the iodo and bromo arylphosphines i1 and i2 in the presence of Pd(0)
catalyst (Scheme 3.59). Tunney and Stille did not observe any difference in the reactivities
of Pd(MeCN)2Cl2, Pd(PPh3)2Cl2, and Pd(dba)2 (dba = trans,trans-dibenzylideneacetone),
and as a result we selected the latter palladium catalyst for this reaction.

Scheme 3.59. Proposed synthesis of rac,meso-et,ph-P4-Ph via Stille-type Pd-catalyzed
P-C coupling reaction.

Prior to conducting the catalytic transformation, the starting material h′ had to be
prepared. An efficient strategy for the synthesis of TMS-protected PH3 and organic
phosphines has been reported by Uhlig and Tzschach (Scheme 3.60).3.64 This strategy
employs the addition of a mixture of trimethylsilyl triflate and triethylamine to the
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organophosphine substrate in diethyl ether, which generates the desired trimethylsilyl
phosphine compounds in high yields (typically 77 to 91%).

Scheme 3.60. Preparation of TMS-protected organic phosphines by trimethylsilyl
triflate.3.64

We have attempted the preparation of h′ from h according to this procedure by
adding 2.0 equiv. of a mixture of TMS-Tf and Et3N to a solution of h in diethyl ether
(Scheme 3.61).3.64

Scheme 3.61. Attempted preparation of h′ from h and TMS-Tf.

The reaction was monitored by 31P{1H} NMR spectroscopy of the crude reaction
mixture (Figure 3.46), and resulted in the formation of the desired product h′ in 75% yield
upon work up and vacuum distillation. While the spectrum shows the presence of two
diastereomeric forms of h′ with two resonances at δ = -88.5 ppm (s) and δ = -88.9 ppm (s),
it also shows four resonances at δ = -51.6 ppm (d, JP,P = 77.9 Hz) ,δ = -56.4 ppm (d, JP,P =
93.2 Hz), δ = -83.9 ppm (d, JP,P = 77.9 Hz), and δ = -85.7 ppm (d, JP,P = 93.2 Hz) which
have been assigned to the two diastereomeric forms of the reaction intermediates
(SiMe3)PhPCH2PPh(H), h1 and h2 (Figure 3.47). Additionally, some unreacted h in its two
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diastereomeric forms is also present at δ = -53.4 ppm (s) and δ = -54.2 ppm (s), and an
unidentified resonance at δ = -100.6 ppm (s) is observed.

Figure 3.46. 31P{1H} NMR spectrum of compound h′ obtained via silylation by TMSTf.

Figure 3.47. Structures of reaction intermediates h1 and h2.

A two-stage addition was devised in order to increase the yield of the reaction by
limiting the formation of by-products. The solution of h in diethyl ether was first treated
with Et3N and stirred for 5 h at ambient temperature to allow the formation of the trimethyl
ammonium salt of methylenebis(phenylphosphide), which was then treated with 2.0 equiv.
of TMS-Tf reagent (Scheme 3.62).
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Scheme 3.62. Two-stage preparation of h′.

As a result, this simple modification of the procedure allowed the production of h′
in substantially higher yields (ca. 84%) upon distillation of the product in vacuo, and also
eliminated the presence of the intermediates h1 and h2 as can be seen from the 31P{1H}
NMR spectrum of the crude reaction medium (Figure 3.48).
The coupling reaction was conducted by adding a solution of h′ in THF to a
solution of i1 (or i2) and 2.5 mol % of Pd(dba)2 (with respect to i1 or i2), also in THF, at 65
o

C. The reaction was followed by 31P{1H} NMR spectroscopy to determine its progress.

The result from the reaction utilizing i2 is shown in Figure 3.49, although the observed
outcome was identical when i1 was utilized.
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Figure 3.48. 31P{1H} NMR spectrum of compound h′ obtained via the modified
silylation procedure.

It is evident from the NMR spectrum that the reaction did not proceed as most of
the phosphorus-containing reagents are still predominantly present (i2 at δ = -13.8 ppm, and
h′ at δ = -88.2 ppm and δ = -88.4 ppm ). A thorough analysis of the expanded region (in

red) allows for the identification of two triplets centered at δ = -23.0 ppm (JP,P = 59.5 Hz)
and δ = -61.5 ppm (JP,P = 59.5 Hz). The presence of intermediates h1 and h2 is indicated by
four doublets at δ = -51.7 ppm (JP,P = 79.4 Hz), δ = -57.0 ppm (JP,P = 94.2 Hz), δ = -83.7
ppm (JP,P = 79.4 Hz), and δ = -85.7 ppm (JP,P = 94.2 Hz). Finally, the presence of h is also
indicated by two resonances at δ = -53.2 ppm and δ = -54.3 pm. The formation of these byproducts indicates a high sensitivity of compound h′ toward the loss of the TMS protecting
group(s) under these reaction conditions. These observations do not indicate the presence
of rac,meso-et,ph-P4-Ph in the reaction medium.
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Figure 3.49. 31P{1H} NMR spectrum of the reaction of h′ with i2 catalyzed by Pd(dba)2
upon heating at 65 oC for 48 h. The red and green expansions are presented for
clarity.

The bisphosphine substrate h is quite different from the much simpler Ph2PSiMe3
employed by Tunney and Stille, and so the arylphosphines i1 and i2 may be prone to
coordination to the Pd(0) metal center due to the available lone pair on the P moiety. These
differences in the materials employed may well explain the failure of this synthetic route.
3.8.3. Palladium-Catalyzed P-C Coupling

The work of Stelzer and co-workers3.63 gave us the basis for the proposed
palladium-catalyzed phosphorus-carbon coupling reaction between the bisphosphine h and
the iodo arylphosphine i1 to yield rac,meso-et,ph-P4-Ph, the results of which are
summarized in Table 3.14. In all four instances, the reactions were conducted in the dark to
avoid photoinduced decomposition of i1. The progress of the reactions was monitored by
31

P{1H} NMR spectroscopy of the crude reaction media.
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Table 3.14. Proposed synthesis of rac,meso-et,ph-P4-Ph via Pd-catalyzed P-C coupling
reaction.

Entry
1
2
3
4
†

Pd catalyst
(content)†
Pd(PPh3)4
(2 mol %)
Pd(PPh3)4
(5 mol %)
Pd(OAc)2
(0.05 mol %)
Pd(OAc)2
(2 mol %)

Solvent
Toluene
Toluene
N,N-DMA
N,N-DMA

Base
Temperature/Duration
(Equivalents)
Et3N
110 oC/5 d
(2.2 equiv.)
Et3N
110 oC/5 d
(2.2 equiv.)
KOAc
130 oC/5 d
(2.2 equiv.)
KOAc
130 oC/5 d
(2.2 equiv.)

Result
No
reaction
No
reaction
No
reaction
No
reaction

Content expressed in mol % with respect to h.
Conducting the reaction with 2 mol % of Pd(PPh3)4 at 110 oC for 5 days (entry 1)

did not yield the desired product. The two major resonances observed on the spectrum
(Figure 3.50) correspond to the unreacted iodo arylphosphine i1 (δ = -0.7 ppm, s) and to the
unreacted bisphosphine h (δ = -54.4 ppm, s; δ = -55.1 ppm, s). Some minor contributions
are also observed at δ = -4.9 ppm (s) and δ = -24.1 ppm (s), but these could not be assigned
and do not correspond to the expected resonances for rac,meso-et,ph-P4-Ph.
Increasing the amount of Pd(PPh3)4 from 2 mol % to 5 mol % resulted in a dramatic
increase of the resonance at δ = -23.1 ppm (s) concomitant with a decrease in the
resonances corresponding to h (δ = -53.4 ppm and δ = -54.2 ppm) (Figure 3.51). This
resonance is tentatively assigned to the symmetrical cyclic tetraphosphine
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cyclobis[methylenebis(phenylphosphine)], l, which was also prepared in another synthetic
step (vide infra).

Figure 3.50. 31P{1H} NMR spectroscopy of the P-C coupling reaction conducted with 2
mol % of Pd(PPh3)4 after 5 days at 110 oC.

Additionally, an increase in the resonance at δ = -4.0 ppm (s) is also observed,
which could be a by-product from the reaction of i1 with the palladium catalyst. Unreacted
arylphosphine i1 is also present and clearly points to its coordination to the Pd(0) metal
center via the available lone electron pair on the P nucleus, which then prevents the
oxidative addition of the sp2 carbon-iodide bond onto the palladium metal center from
occurring.
The formation of l is proposed to occur via the mechanism illustrated in Scheme
3.63. Upon deprotonation by the base (i.e., Et3N), two bisphosphine units h perform a
dissociative coordination onto the Pd(0) metal center via the phosphide moieties to
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generate the intermediate [A]. The base can then abstract the remaining protons from the
two PHPh moieties, which can then lead to the formation of complex [B] via dissociative
coordination of the two phosphide moieties. Finally, elimination of the cyclic
tetraphosphine l occurs upon addition of four PPh3 ligands to regenerate the catalyst
Pd(PPh3)4.

Figure 3.51.31P{1H} NMR spectrum of the P-C coupling reaction conducted with 5
mol % of Pd(PPh3)4 after 5 days at 110 oC.

We followed the procedure reported by Stelzer et al.3.63b with 0.05 mol % of
Pd(OAc)2 (entry 3). Unfortunately, h and i1 do not appear to react in a similar manner as
the substrates which were utilized in their work. Indeed, the NMR spectrum shows mainly
unreacted i1 and h upon heating at 130 oC for 5 days (Figure 3.52). It also exhibits a
resonance at δ = -22.8 ppm (s) which corresponds to the cyclic tetraphosphine l.
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Scheme 3.63. Proposed catalytic cycle for the formation of
cyclobis[methylenebis(phenylphosphine)], l.

Figure 3.52. 31P{1H} NMR spectrum of the P-C coupling reaction catalyzed by 0.05
mol % of Pd(OAc)2 after 5 days at 130 oC.
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In contrast, the use of a larger amount of Pd(OAc)2 (i.e., 2 mol %) results in a more
complex NMR spectrum with the emergence of resonances in the downfield positive region
(Figure 3.53). The resonance corresponding to the iodo arylphosphine i1 is replaced with a
singlet at δ = -14.8 ppm (s), which can be attributed to diethylphenylphosphine, i′. An
analysis of the upfield region δ = -16.0 to -30.0 ppm leads to the isolation of two doublets
with identical intensities at δ = -17.2 ppm and δ = -24.4 ppm (JP,P = 9.92 Hz), as well as a
third doublet at δ = -25.8 ppm (JP,P = 9.92 Hz) with double the intensity of the two previous
doublets. A doublet of doublets at δ = -26.3 to -27.1 ppm (JP,P = 59.6 Hz and JP,P = 39.7
Hz) and a second doublet centered at δ = -25.0 ppm (JP,P = 19.9 Hz) could be part of an
AA′A" spin system. Finally, the presence of l is also strongly indicated by the singlet at δ =
-23.5 ppm.

Figure 3.53. 31P{1H} NMR spectrum of the P-C coupling reaction catalyzed by 2 mol
% of Pd(OAc)2 after 5 days at 130 oC. The expansion is presented for clarity.
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The absence of unreacted i1 clearly attests to the difference in its reactivity toward
Pd(OAc)2 and Pd(PPh3)4. With the latter, i1 appears to coordinate to the Pd(0) metal center
via the lone electron pair on the phosphorus nucleus, while with the former catalyst this
does not appear to occur, and instead, we observe the loss of the iodide substituent to
generate i′.
Although Stelzer and co-workers did not observe any chelation to the palladium
metal center when they utilized a bisphosphine, we believe that the ability of h to form
strong chelating structures with metal centers is preventing the reaction from proceeding.
Additionally, the presence of the available lone pair on the PEt2 moiety on i1 may be to
blame for the inefficiency of the palladium catalysts toward phosphorus-carbon coupling
reactions.
In order to further determine the viability of the Pd(PPh3)4 route and the effect of
the PEt2 moiety on the reactivity of the palladium catalyst, we have attempted three simple
reactions: (i) the coupling between phenylphosphine and i1 (Scheme 3.64, a); (ii) the
coupling between phenylphosphine and o-iodobromobenzene (Scheme 3.64, b); and (iii)
the coupling between h and o-iodobromobenzene (Scheme 3.64, c). All three reactions
were conducted at 80 oC for 24 to 72 h, and were also followed by 31P{1H} NMR
spectroscopy. Their respective spectra are presented in Figure 3.54. In the case of reaction
(a), the spectrum does not exhibit any reactivity, and only the starting materials
(phenylphosphine appears as a singlet at δ = -121.3 ppm) are observed. In contrast, reaction
(b) appears to proceed smoothly as only one product is visible on the spectrum. Moreover,
this product exhibits a resonance at δ = -39.3 ppm (s), which corresponds to the desired
product 2-bromophenylphosphinobenzene (diphenylphosphine appears as a singlet at δ = -
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41.1 ppm). Reaction (c) produced a mixture of compounds whose signals were compared to
the expected resonances of methylenebis-(o-bromophenylphosphinobenzene), m.

Scheme 3.64. Pd(PPh3)4-catalyzed P-C coupling reactions between (a)
phenylphosphine and i1, (b) phenylphosphine and o-iodobromobenzene, and (c) h and
o-iodobromobenzene.

The resonances of compound m should be similar to those of
methyldiphenylphosphine (i.e., δ = -28.0 ppm)3.19g and compound h (i.e., δ = -54.5 ppm),
although the presence of the bromide on the aryl ring may well shift the signal slightly
downfield to δ = -28.0 ppm. Thus, the two doublets at δ = -20.9 ppm (JP,P = 14.9 Hz) and δ
= -61.6 ppm (JP,P = 14.9 Hz) are too far apart to belong to m and are probably the result of
an unsymmetric bisphosphine compound. The large singlet observed at δ = -60.9 ppm is
also too far upfield to belong to m and cannot be assigned to any structure either. The two
singlets present at δ = -15.5 ppm and δ = -16.6 ppm may well belong to compound m, but
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this assumption could not be verified due to our inability to purify the reaction mixture and
isolate a single component. Unreacted h is also visible at δ = -53.6 ppm (s) and δ = -54.4
ppm (s), as well as compound l at δ = -23.4 ppm (s).

Figure 3.54. 31P{1H} NMR spectra of Pd(PPh3)4-catalyzed reactions (a) (black), (b)
(blue), and (c) (red). Expansions are presented on spectrum (c) for clarity.

The low reactivity, or lack thereof, of h and i1 vis-à-vis the palladium-catalyzed
phosphorus-carbon coupling reaction, prompted us to attempt to protect the phosphorus
nuclei with a borane functionality in order to prevent the coordination of the phosphines to
the palladium metal center via their lone electron pair.
The preparation of borane-protected phosphines has been reported as early as the
1970’s,3.65a,3.65b and their use in the preparation of functionalized alkyl- and arylphosphines

133

is well documented.3.65c,3.65d Unlike their unprotected di- and trialkylphosphine
counterparts, these phosphine-borane complexes offer the advantage of being air stable and
are not sensitive to the usual oxidizing agents,3.65d and as a result they have been widely
utilized in organophosphorus chemistry. Moreover, due to the reduction in polarity of the
B-H and P-B bonds, phosphine-boranes are especially inert and can tolerate a wide range of
different reaction conditions, and thus are very attractive building blocks for the
preparation of functionalized phosphine compounds. In particular, they have proven to be
very useful in the preparation of chiral phosphine ligands, as retention of the configuration
is observed upon removal of the boranato functionality.3.65e Their use in the palladiumcatalyzed phosphorus-carbon coupling reaction has also been demonstrated by Imamoto et
al.3.65f in their synthesis of mono- and bidentate ligands catalyzed by Pd(PPh3)4 (Scheme

3.65).

Scheme 3.65. Imamoto’s Pd-catalyzed P-C coupling reactions of phosphine-borane
complexes.3.65f

The introduction of the boranato functionality is generally done by the reaction of
the appropriate trivalent phosphine compound with commercially available adducts such as
BH3·THF and BH3·SMe2 (Scheme 3.66).3.65c

Scheme 3.66. Preparation of phosphine-boranes.3.65c
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Thus, we have easily and successfully prepared the adduct i1·BH3 (in 72% yield) via
the reaction of i1 with 1.5 to 2.0 equiv. of the BH3·THF adduct in THF at 0 oC (Scheme
3.67).

Scheme 3.67. Preparation of phosphine-borane adduct i1·BH3.

The 31P{1H} NMR spectrum of the product exhibits a quartet centered at δ = 35.6
ppm (1JP,B = 54.5 Hz) (Figure 3.55). This is to be expected as
isotope of B, has a spin of

5
11

B, the most abundant

3
, and thus will give rise to a quartet by coupling with the P
2

nucleus.

Figure 3.55. 31P{1H} NMR spectrum of adduct i1·BH3.
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The same reaction was attempted with o-bromophenylenediethylphosphine, i2, to
produce the adduct i2·BH3 in 68% yield (Scheme 3.68).

Scheme 3.68. Preparation of phosphine-borane adduct i2·BH3.

The 31P{1H} NMR spectrum of the compound shows a quartet centered at δ = 34.1
ppm (1JP,B = 54.5 Hz) identical to that of i1·BH3 (Figure 3.56).

Figure 3.56. 31P{1H} NMR spectrum of adduct i2·BH3.

The deprotection of phosphine-borane adducts is generally conducted by the
reaction with an amine such as Et3N or Et2NH as the boron acceptor.3.65c As a result, we
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concluded that the solvent used in the attempted Pd(OAc)2-catalyzed phosphorus-carbon
coupling reaction, N,N-DMA (N,N-dimethylacetamide, Figure 3.57) may well affect the
integrity of the phosphine-borane adducts i1·BH3 and i2·BH3.

Figure 3.57. Structure of N,N-dimethylacetamide, N,N-DMA.

In order to test this speculation, we attempted the Pd(OAc)2-catalyzed phosphoruscarbon coupling reaction with i2·BH3 in N,N-DMA (Scheme 3.69).

Scheme 3.69. Attempted preparation of rac,meso-et,ph-P4-Ph·(BH3)2 from i2·BH3.

As expected, the 31P{1H} NMR spectrum of the crude reaction medium shows the
resonances corresponding to i2 (δ = -14.0 ppm, s), i' (δ = -15.1 ppm, s), and l (δ = -23.4
ppm, s) (Figure 3.58).
These results clearly indicate that the deprotection of the adduct i2·BH3 by N,NDMA is occurring, and as a result, we conclude that N,N-DMA is not a suitable solvent for
this synthesis. Interestingly, Imamoto et al.3.65f studied the effect of the solvent and the base
on the phosphorus-carbon coupling reaction, and they did not observe any coupling in the
presence of Et3N base. As an alternative, they employed K2CO3, Ag2CO3, and Na2CO3 as
bases in CH3CN, THF, and toluene, and obtained good to excellent yields for the reaction.
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Figure 3.58. 31P{1H} NMR spectrum of the reaction of Pd(OAc)2 with i1·BH3.

We will carry out the future catalytic coupling reactions of i1·BH3 and h in toluene
or THF with Pd(PPh3)4 and Pd(OAc)2 as catalysts, and K2CO3 or Na2CO3 as the
deprotonating agents. Also, DMF or dioxane could be used as solvents with the
Pd(OAc)2/KOAc system.
3.9.

Lithium-Mediated P-C Coupling Reaction

Another strategy we have employed in the preparation of rac,meso-et,ph-P4-Ph
involves the reaction of a lithiated phenyldiethylphosphine building block, o, with a
chlorinated bisphosphine, n, as illustrated in Scheme 3.70.

Scheme 3.70. Proposed preparation of rac,meso-et,ph-P4-Ph via lithium-mediated P-C
coupling reaction.
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We propose a three-stage reaction involving: (i) the preparation of the chlorinated
bisphosphine n; (ii) the lithiation of the phosphine building blocks i1 or i2 to o; and finally
(iii), reaction in situ of n with o to produce rac,meso-et,ph-P4-Ph.
3.9.1. Preparation of methylenebis(chlorophenylphosphine), n

The preparation of methylenebis(chlorophenylphosphine), n, has been
accomplished in two different ways via the methodologies developed by Stelzer et al.3.66a
(Scheme 3.71, a), and Schmidbaur and Schnatterer3.66b (Scheme 3.71, b).

Scheme 3.71. Preparation of methylenebis(chlorophenylphosphine), n, as reported (a)
by Stelzer et al.,3.66a and by (b) Schmidbaur and Schnatterer.3.66b

While these methods give acceptable yields, they are lengthy and necessitate the
preparation of too many intermediates. We have opted for an easier and efficient method,
namely the chlorination with C2Cl6 which was developed by Weferling,3.39 and which we
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have applied, with success, to the preparation of chlorinated bisphosphine compounds. The
reaction was attempted under different conditions as reported in table 3.15 below.
Table 3.15. Preparation of methylenebis(chlorophenylphosphine), n, according to the
method developed by Weferling.3.39

Entry
1
2

Solvent
Toluene
Et2O

Temperature/Duration
140 oC/18 h
45 oC/24 h

Yield
Not isolated
85-90%

We first utilized toluene (entry 1) as the reaction solvent in an identical manner as
previously described (vide supra). A solution of the bisphosphine h in toluene was added at
120 oC to a concentrated (1.0 M) solution of C2Cl6 also in toluene, which resulted in a
yellow colored mixture. Upon heating at 140 oC for 18 h, the reaction medium became
black, and its content was then analyzed by 31P{1H} NMR spectroscopy (Figure 3.59). The
desired chlorinated product n is present with a major resonance at δ = 81.7 ppm (s) (lit.3.66

δ = 81.8 ppm, s), but we also observe two resonances at δ = 161.8 ppm (s) and δ = 86.8
ppm (s) representing 40% of the phosphorus nuclei as determined upon integration of the
signals. Schmidbaur and Schnatterer3.66b have reported that compound n is subject to
thermolability which results in its decomposition, at temperatures above 100 oC, into
volatile PhPCl2 (δ = 161.8 ppm) and a polymer residue (δ = 86.8 ppm), thus preventing its
distillation in vacuo.
The formation of by-products in toluene at high temperatures prompted us to utilize
a low-boiling point solvent that would allow us to purify the product, provided the reaction
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was cleanly conducted, by simple removal of the solvent in vacuo with the minimal heat
applied (i.e., lower than 80 oC). Hexachloroethane is soluble in diethyl ether, and thus this
solvent appeared attractive as it would allow its facile removal in vacuo.

Figure 3.59. 31P{1H} NMR spectrum of the preparation of n in toluene.

The reaction in diethyl ether (entry 2) was performed by mixing the reagents at 25
o

C prior to applying heat (45 oC) for 24 h. The completion of the reaction was indicated by

the appearance of a pink coloration, and 31P{1H} NMR spectroscopy of the crude reaction
medium showed the product n as the only phosphorus-containing product (Figure 3.60).
However, upon cooling to ambient temperature, a white solid deposited on the walls of the
Schlenk flask, but its nature could not be determined, although it does not contain
phosphorus nuclei by 31P NMR spectroscopy, leading us to speculate that is unreacted
C2Cl6. Purification of the product was attained through filtration of the reaction medium
through a plug of Celite to remove the solid by-product(s), and concentration in vacuo at
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65-70 oC gave a pink oil which was pure compound n as confirmed by 31P, 1H, and 13C
NMR spectroscopies.

Figure 3.60. 31P{1H} NMR spectrum of the crude reaction medium from the synthesis
of n in Et2O.

Interestingly, when the reagents were mixed in diethyl ether and the solution was
left undisturbed for a few hours at ambient temperature, a white crystalline compound
developed and the solution took a pink tint. Analysis of the solution by 31P NMR shows the
presence of compound n and unreacted starting material h. The isolation of the crystals has
allowed their structural elucidation by way of X-ray crystallography, which has shown
them to be the cyclic tetraphosphine cyclobis[methylenebis(phenylphosphine)] (or 1,2,4,5tetraphenylcyclo-3,6-dicarba-1,2,4,5-tetraphosphine), l (Figure 3.61). Surprisingly, this
compound had been synthesized and isolated in our laboratory in 1989 by Laneman et
al.3.67 The 31P{1H} NMR spectrum (Figure 3.62) of the crystalline compound l exhibits a

singlet at δ = -24.3 ppm (Figure 3.62). Compound l could, however, be easily and
conveniently converted to n simply by heating the reaction mixture (which contains C2Cl6)
at 45 oC for 24 h.
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Figure 3.61. ORTEP representation of cyclobis[methylenebis(phenylphosphine)], l. H
atoms not shown for clarity.

Figure 3.62. 31P{1H} NMR spectrum of compound l.
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Thus, the reaction of bisphosphine h with C2Cl6 in diethyl ether can be optimized to
generate the desired compound n in 85 to 90% yield upon purification (Scheme 3.72),
which is quite an improvement from the methodologies reported in the literature.3.66

Scheme 3.72. Optimized synthesis of n from h.
3.9.2. Metallation and P-C Coupling Reactions

The metallation of phosphines i1 and i2 to the lithium phosphine o is the logical next
step in the preparation of rac,meso-et,ph-P4-Ph (Scheme 3.73).

Scheme 3.73. Lithiation of phosphines i1 and i2 to o.

The preparation of o-lithiophenylenediphenylphosphine, o-LiC6H4PPh2, has been
reported on different occurrences. It was first reported by Hartley et al.3.68a via the lithiumbromide exchange reaction between nBuLi and 1-bromo-2-(diphenylphosphino)benzene in
diethyl ether (Scheme 3.74). Tunney and Stille3.62, on the other hand, have reported its
preparation in THF at -78 oC. Finally, Bennett et al.3.46 have also prepared this lithium
complex in diethyl ether in 87% yield.

Scheme 3.74. Preparation of o-LiC6H4PPh2 via Li-Br exchange reaction.3.67
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Harder and co-workers3.68b have isolated the lithium complex and have been able to
determine its structure by single crystal X-ray diffraction. Thus, they found that the
compound consists of dimeric aggregates in which the Li ions are solvated by an additional
diethyl ether molecule. They also reported its slow decomposition in THF at -20 oC.
The o-lithiumphenylenediphenylphosphine compound has been utilized in
conjunction with PhPCl2 to produce (oC6H4PPh2)2PPh (Scheme 3.75, a),3.68a as well as with
Ph2PCl to generate o-C6H4(PPh2)2 (Scheme 3.75, b),3.62 and it was also utilized as a
bridging ligand in the preparation of digold(I) complexes.3.46

Scheme 3.75. Preparation of (a) bis-(o-diphenylphosphinophenyl)phosphine,3.68a and
(b) o-bis(diphenylphosphino)benzene.3.62

Hart3.45a demonstrated that i2 readily undergoes facile lithium-bromide exchange
with nBuLi in diethyl ether at room temperature to give the etherate precipitate o·Et2O, and
he also used this lithiated arylphosphine in the preparation of o-phenylenebis(diethylphosphine) in moderate yields (Scheme 3.76). Additionally, Bennett et al.3.46 have prepared
this lithium complex in diethyl ether with nBuLi, and utilized it as bridging ligand in the
preparation of digold(I) complexes.

Scheme 3.76. Preparation of o·Et2O and conversion to
o-phenylenebis(diethylphosphine).
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We have attempted the preparation of o·Et2O via the lithiation of i1 and i2, and its
use in situ in conjunction with chlorinated bisphosphine n for the preparation of the
tetraphosphine ligands rac,meso-et,ph-P4-Ph (Table 3.16).
Table 3.16. Attempted preparation of rac- and meso-et,ph-P4-Ph via the lithiummediated P-C coupling reaction.

Entry

Substrate

Solvent

Temperature
Step 1
Step 2
o
-78 oC
-78 C/1 h

Result
Decomposition to i′
Other compound

1

THF

2

THF

-35 oC/90 min

0 oC

Unknown compounds

3

Et2O

0 oC/30 min

Decomposition to i′

4

Et2O

25 oC/30 min

0 oC/30 min
25 oC/90 min
80 oC/20 h
25 oC

5

THF

-78 oC/5 h

-78 oC/5 h

Unknown compounds

Decomposition to i′

The addition of an n-hexane nBuLi solution to i2 in THF (entries 1 and 2) or diethyl
ether (entries 3 and 4) led to the formation of a yellow/orange to red coloration. The
subsequent addition of a solution of n in the same solvent gave rise to a brown (entries 1
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and 2) or mustard (entries 3 and 4) precipitate. Isolation of the lithiated intermediate
o·Et2O was attempted, but without success, and 31P NMR spectroscopy of the solution did

not yield a clean enough spectrum for interpretation.
In entries 1, 3, and 4, we observe the decomposition of i2 into i′ (Figure 3.63, δ = 14.4 to -15.4 ppm). The reaction performed in THF at -78 oC (entry 1) generates an
undetermined resonance at δ = -19.8 ppm (s), while the reactions in diethyl ether (entries 3
and 4), either with or without heating, give rise to resonances in the region δ = -25.0 to 32.0 ppm which cannot be assigned due to the poor resolution of the spectra. When the
formation of o·Et2O is conducted at -35 oC in THF followed by the addition of n at 0 oC
(entry 2), we obtain a clean spectrum with only two resonances at δ = -22.6 ppm (s) and δ =
-31.8 ppm (s), but the simplicity of these signals does not support the presence of rac- or
meso-et,ph-P4-Ph, as we would expect to observe a second order coupling pattern.

Figure 3.63. 31P{1H} NMR spectra of the lithium-mediated P-C coupling reaction of i2
with n.
147

Performing the same reaction with i1 in THF (entry 5) did not yield the desired
tetraphosphine ligands, but generated a sharp resonance at δ = -20.4 ppm (s) and broad
resonances in the regions δ = -13.0 to -16.0 ppm and -28.0 to -33.0 ppm (Figure 3.64).

Figure 3.64. 31P{1H} NMR spectrum from the lithium-mediated P-C coupling reaction
of i1 with n.
3.10.

Grignard-Mediated P-C- Coupling Reaction

The last strategy we have devised for the synthesis of rac,meso-et,ph-P4-Ph
employs the Grignard-mediated phosphorus-carbon coupling reaction depicted in Scheme
3.77. The first step is an halide-magnesium exchange reaction and is essentially identical to
that proposed previously in this work, followed by the phosphorus-carbon coupling
reaction between the arylphosphine Grignard intermediate and the dichlorobisphosphine n.
This reaction was attempted with i1 and i2, and the results are summarized in table 3.17.
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Scheme 3.77. Proposed preparation of rac- and meso-et,ph-P4-Ph via the Grignardmediated P-C coupling reaction.
Table 3.17. Results of the Grignard-mediated P-C coupling reaction performed with i1
and i2.

Entry
1
2

Substrate

Reaction conditions
1.0 equiv. iPrMgBr, 0 oC/5 h
0.5 equiv. n, -25 oC, 25 oC/18 h

Results
Unreacted i2
Formation of by-product q

1.0 equiv. iPrMgBr, 0 oC/8 h
0.5 equiv. n, -25 oC, 25oC/18 h

rac,meso-et,ph-P4-Ph

The addition of 1.0 equiv. of a THF solution of iPrMgBr to a solution of i2 (entry 1)
in THF at 0 oC generated an orange reaction mixture, which, upon addition of n in THF,
became yellow as it was allowed to warm to ambient temperature. The 31P{1H} NMR
spectrum of the products (Figure 3.65) shows the presence of a main resonance at δ = -13.8
ppm (s), which could correspond to either unreacted i2 or the product resulting from the
decomposition of i2 (i.e., i′). Two supplemental resonances are also observed at δ = -11.7
ppm (s) and δ = -12.1 ppm (s).
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Figure 3.65. 31P{1H} NMR spectrum of the Grignard-mediated reaction of i2 with n.

The nature of these resonances was ascertained through a simple reaction conducted in an
NMR tube which consisted in the treatment of a solution of n in THF with a few drops of
the iPrMgBr solution to produce the bisphosphine methylenebis(isopropylphenylphosphine), q (Scheme 3.78). Analysis of the mixture by 31P{1H} NMR spectroscopy
revealed two resonances at δ = -11.6 ppm (s) and δ = -12.0 ppm (s), thus confirming the
nature of one of the products as being the two diastereomeric forms of q. The Grignard
reagent iPrMgBr appears to react preferentially with n, and we can speculate that i2 is not
reactive enough and will remain unchanged in the reaction medium.

Scheme 3.78. Side-reaction leading to the formation of
methylenebis(isopropylphenylphosphine), q.
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The addition of 1.0 equiv. of a THF solution of iPrMgBr to a solution of i1 in THF
at 0 oC produced a beige solution. The reaction mixture was stirred at 0 oC for 8 h in order
to allow the iodide-magnesium exchange reaction to complete, and a solution of n in THF
was subsequently added at -25 oC, which generated a light green mixture. Upon allowing
the reaction medium to slowly warm to room temperature, the solution turned beige and
was stirred an additional 18 h at room temperature until completion. The 31P{1H} NMR
spectroscopic analysis of the intermediate arylphosphine Grignard p (Figure 3.66) exhibits
one major resonance at δ = -10.3 ppm (s), which is presumably compound p, and two
minor resonances at δ = -13.4 ppm (s) and δ = -15.3 ppm (s), which could well belong to p
as well. Indeed, Ashby et al.3.42 have observed the presence of major and minor resonances
in the 31P NMR spectrum of potassium diphenylphosphide.

Figure 3.66. 31P{1H} NMR spectrum of the reaction of i1 with iPrMgBr.
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The NMR spectrum obtained in THF upon reaction completion exhibits an
interesting symmetrical pattern which could well result from the presence of rac- and
meso-et,ph-P4-Ph (Figure 3.67, expansion). Indeed, the resonances at δ = -23.0 to -33.0

ppm exhibit a second order coupling pattern which is consistent with an AA′BB′ spin
system, which could be indicative of the presence of the two diastereomeric forms of the
tetraphosphine ligands rac- and meso-et,ph-P4-Ph. The spectrum shows the presence of
unreacted i1 at δ = 0.5 ppm (s), as well as the decomposition product i′ at δ = -15.0 ppm (s),
albeit both in minute quantities by comparison to the major resonances.

Figure 3.67. 31P{1H} NMR spectrum of the crude reaction mixture upon reaction
completion.

Purification of the product mixture was performed by distillation in vacuo which
resulted in unreacted i1 and the monophosphine i′ as being the sole fractions obtained. The
distillation residue was obtained as a highly viscous and thick white paste, which was then

152

dissolved in EtOH and cooled to -70 oC for purification by precipitation. A white powder
which dissolved in EtOH at room temperature was obtained, and its separation from the
EtOH solvent was attempted via cold filtration over a cannula equipped with a filter paper,
but with little success. Centrifugation of the solution led to partial isolation of the solid
prior to it melting. The 31P{1H} NMR spectrum of the solid is shown in Figure 3.68. The
spectrum still exhibits resonances 1-12 (see expansion in Figure 3.67), but these appear
with a slightly different coupling pattern than that observed in the crude reaction mixture.
The complexity of the spectrum does not allow us to determine the nature of the product,
but we believe that performing NMR experiments on a higer field Varian INOVA-500
spectrometer (i.e., 202.5 MHz) should considerably simplify the coupling patterns
observed. Computer-simulated 31P NMR experiments are also planned in order to obtain
sufficient data for the assignment of the observed coupling patterns. The 1H NMR spectrum
of the solid, which still contains EtOH, is also presented, but again its complexity does not
allow us to make a prediction concerning the structure of the product.

Figure 3.68. 31P{1H} NMR spectrum of the distillation residue upon crystallization
from EtOH.
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Figure 3.69. 1H NMR spectrum of the distillation residue upon crystallization from
EtOH. Blue and red expansions are presented for clarity. The signals indicated by a
star are due to EtOH.

The solubility of the solid residue in various solvents was tested in order to select an
adequate recrystallization solvent. The solubility was found to be in the following
decreasing order: CH2Cl2 ~ EtOH ~ DMF > THF > benzene à hexanes > H2O.
Further purification was attempted by recrystallization using two well-known
techniques: (i) recrystallization at low temperatures (i.e., -25 oC or 0 oC, depending on the
solvent employed); and (ii) recrystallization by slow evaporation of the solvent. Both
techniques were attempted with CH2Cl2, EtOH, DMF, THF, and benzene, as well as with
THF/hexanes and EtOH/H2O solvent mixtures, but to no avail.
We then proposed to attempt the complexation of the proposed rac- and mesoet,ph-P4-Ph ligands with two equivalents of metals such as Ni and Rh, which often yield

crystalline compounds with our unmodified rac- and meso-et,ph-P4 ligands.3.4,3.5,3.69
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The preparation of rac- and meso-Ni2Cl4(et,ph-P4-Ph) in EtOH was attempted
with rac,meso-et,ph-P4-Ph by following the procedure previously reported for rac,mesoet,ph-P4 by Aubry (Scheme 3.79).3.70

Scheme 3.79. Proposed preparation of rac- and meso-Ni2Cl4(et,ph-P4-Ph) complexes.

In a similar fashion to the reaction performed with a mixture of rac,meso-et,ph-P4,
the addition of the proposed rac,meso-et,ph-P4-Ph mixture to a stirred solution of 2.0
equiv. of NiCl2·6H2O in EtOH produced an orange precipitate and a brown/black
supernatant upon stirring at room temperature overnight. Upon removal of the orange solid
(presumably meso-Ni2Cl4(et,ph-P4-Ph)) by filtration and evaporation in vacuo of the
EtOH from the filtrate, we obtained a dark brown solid which appeared similar to the
complex rac-Ni2Cl4(et,ph-P4) obtained with rac-et,ph-P4.
Recrystallization of both solids rac- and meso-Ni2Cl4(et,ph-P4-Ph) from CH2Cl2
and THF3.69 was attempted without success due to the low solubility of both solids in THF.
The solubility of the proposed meso-Ni2Cl4(et,ph-P4-Ph) was tested with a host of
solvents and gave the following classification by increasing order of solubility: hexane <
benzene < NO2Me ~ H2O á MeOH < CHCl3 ~ CH2Cl2.
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The proposed rac-Ni2Cl4(et,ph-P4-Ph) was found to be soluble in MeOH and
EtOH, fairly soluble in CHCl3, but poorly soluble in CH2Cl2. Thus, we have attempted the
recrystallization of meso-Ni2Cl4(et,ph-P4-Ph) from MeOH, CHCl3, and CH2Cl2 at low
temperartures and by slow solvent evaporation, but to no avail. Recrystallization attempts
with rac-Ni2Cl4(et,ph-P4-Ph) via the same methods proved also unsuccessful.
A different technique was also used which consists in the recrystallization by vapor
diffusion: the solid (rac- or meso Ni2Cl4(et,ph-P4-Ph)) is dissolved in a moderately nonvolatile solvent and placed in an Erlenmeyer flask containing a volatile solvent in which
the solid is insoluble. The second solvent slowly diffuses into the first, resulting in the
crystallization of the product. This method was employed with MeOH/hexanes and
CH2Cl2/hexanes solvent systems with meso Ni2Cl4(et,ph-P4-Ph), but did not, at first,
produce crystals suitable for analysis by X-ray spectroscopy.
However, we are extremely excited about a last-second breakthrough which
provides us with proof that the novel tetraphosphine ligands rac- and meso-et,ph-P4-Ph
have been successfully synthesized via the Grignard-mediated phosphorus-carbon coupling
route. Over the weeks following the attempted recrystallization of the proposed mesoNi2Cl4(et,ph-P4-Ph) via the vapor diffusion method (vide supra), a vial containing the

dissolved compound in MeOH was left undisturbed and capped with a septum. The slow
permeation of the MeOH solvent through the somewhat porous septum created the
optimum conditions for recrystallization by slow evaporation to occur. This resulted in the
isolation of two crystal morphologies according to their observation under microscope. The
first morphology observed was composed of perfectly grown red crystals, whilst the second
morphology was composed of slightly yellow blades. These were suitable for single crystal
X-ray crystallography, and the analysis of the red crystals revealed the presence of the
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desired dinickel tetraphosphine complex meso-Ni2Cl4(et,ph-P4-Ph) as an air-stable MeOH
solvate (Figure 3.70).

Figure 3.70. ORTEP representation of meso-Ni2Cl4(et,ph-P4-Ph) (MeOH solvate).

Selected bond distances and angles for the dinickel complexes meso-Ni2Cl4(et,phP4-Ph) and meso-Ni2Cl4(et,ph-P4)3.69 are listed in Table 3.18 for comparison.

The analysis of the blade morphologies by single crystal X-ray crystallography
revealed the presence of the unusual and unexpected cationic dinickel complex
[meso-Ni2Cl2(μ-OH)(et,ph-P4-Ph)]+ which is also an air-stable MeOH solvate and has
[NiCl4]2- as a counter anion (Figures 3.71 and 3.72). Interestingly, this complex crystallized
in its “closed-mode” conformation, which is rather unusual as we have not been able to
observe this conformation with the complex [meso-Ni2Cl4(et,ph-P4)].3.69
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Table 3.18. Selected bond distances (Å) and angles (o) for meso-Ni2Cl4(et,ph-P4-Ph)
and meso-Ni2Cl4(et,ph-P4).3.69

Ni1-Ni2
Ni1-C11
Ni1-C12
Ni1-P1
Ni1-P2
Ni2-C13
Ni2-C14
Ni2-P3
Ni2-P4
P2-C7
P3-C7

meso-Ni2Cl4(et,ph-P4-Ph)a
4.490 (1)
2.242 (5)
2.216 (6)
2.156 (6)
2.135 (6)
2.208 (6)
2.218 (6)
2.122 (6)
2.142 (6)
1.843 (19)
1.828 (19)

meso-Ni2Cl4(et,ph-P4)a
6.272 (1)
2.195 (2)
2.208 (2)
2.139 (2)
2.144 (2)
2.187 (2)
2.209 (2)
2.136 (2)
2.160 (2)
1.852 (7)
1.824 (7)

C12-Ni1-C11
P1-Ni1-C11
P2-Ni1-C11
P1-Ni1-C12
P2-Ni1-C12
P2-Ni1-P1
C13-Ni2-C14
C13-Ni2-P3
C13-Ni2-P4
C14-Ni2-P3
C14-Ni2-P4
P3-Ni2-P4
C7-P2-Ni1
C7-P3-Ni2
P3-C7-P2

93.67 (2)
176.09 (2)
88.71 (2)
90.04 (2)
167.62 (2)
87.93 (2)
95.46 (2)
89.27 (2)
174.25 (2)
172.95 (2)
88.22 (2)
87.49 (2)
116.14 (7)
120.13 (7)
119.93 (10)

95.17 (8)
175.55 (9)
88.06 (9)
90.27 (8)
176.75 (9)
86.50 (8)
94.13 (8)
175.07 (9)
89.79 (8)
89.58 (8)
175.30 (9)
86.37 (7)
115.0 (2)
121.5 (2)
121.7 (4)

a

Numbers in parentheses are estimated standard deviations in the least
significant digits.

The presence of the rac-Ni2Cl4(et,ph-P4-Ph) diasteromer has not yet been
directly confirmed. Recrystallization of the solid from MeOH following the vapor
diffusion method is underway and is expected to yield the crystalline compound
which will be analyzed by X-ray crystallography.
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Figure 3.71. ORTEP representation of [meso-Ni2Cl2(μ-OH)(et,ph-P4-Ph)]+. The
MeOH solvent molecule is not shown for clarity.

Figure 3.72. Structure of [meso-Ni2Cl2(μ-OH)(et,ph-P4-Ph)]+.

The 31P{1H} NMR spectrum obtained with the orange solid (meso-Ni2Cl4(et,phP4-Ph)) prior to the successful recrystallization is shown in Figure 3.73. As opposed to the

159

spectrum obtained with the proposed rac,meso-et,ph-P4-Ph ligands alone (Figure 3.68),
the orange solid gives a much simpler spectrum which exhibits four resonances at δ = 69.7
ppm (d, J = 74.4 Hz), δ = 67.1 ppm (d, J = 74.4 Hz), δ = 50.7 ppm (d, J = 74.4 Hz), and δ =
49.1 ppm (d, J = 74.4 Hz). In light of the X-ray crystallography results, the first and third
resonances have been assigned to the internal and external P nuclei, respectively, of [mesoNi2Cl2(μ-OH)(et,ph-P4-Ph)]+, while the second and fourth resonances have been assigned

to the internal and external P nuclei, respectively, of meso-Ni2Cl4(et,ph-P4-Ph). The 1H
and 13C{1H} NMR spectra of the orange solid are presented in Chapter 4, but their
complexity did not allow us to fully interpret the resonances observed.

Figure 3.73. 31P{1H} NMR spectrum obtained with the orange solid
(meso-Ni2Cl4(et,ph-P4-Ph) and [meso-Ni2Cl2(μ-OH)(et,ph-P4-Ph)]+).

Selected bond distances and angles for the complex [meso-Ni2Cl2(μ-OH)(et,ph-P4Ph)]+ are listed in Table 3.19.
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Table 3.19. Selected bond distances (Å) and angles (o) for
[meso-Ni2Cl2(μ-OH)(et,ph-P4-Ph)]+.

Ni1-Ni2
Ni1-O1
Ni1-P1
Ni1-P2
Ni1-Cl1
Ni2-O1
Ni2-P3
Ni2-P4
Ni2-Cl2
P2-C7
P3-C7

[meso-Ni2Cl2(μ-OH)(et,ph-P4-Ph)]+a
3.371 (1)
1.899 (5)
2.135 (2)
2.130 (2)
2.188 (2)
1.899 (5)
2.130 (2)
2.129 (2)
2.212 (2)
1.831 (7)
1.816 (8)

Cl1-Ni1-P1
Cl1-Ni1-P2
Cl1-Ni1-O1
P1-Ni1-P2
P2-Ni1-O1
Cl2-Ni2-P3
Cl2-Ni2-P4
Cl2-Ni2-O1
P3-Ni2-P4
P3-Ni2-O1
Ni1-P2-C7
Ni2-P3-C7
Ni1-O1-Ni2
P2-C7-P3

86.83 (9)
166.91 (10)
91.91 (17)
87.61 (9)
94.41 (17)
175.51 (9)
87.59 (9)
93.68 (18)
88.07 (9)
90.58 (18)
117.2 (3)
115.9 (3)
125.1 (3)
114.2 (4)

a

Numbers in parentheses are estimated standard
deviations in the least significant digits.

Interestingly, the 31P{1H} NMR analysis of the black powder did not reveal
the presence of P nuclei in the product, probably due to its low solubility in the deuterated
solvent utilized (i.e., chloroform-d). However, this problem can be easily circumvented by
using an adequate deuterated solvent such as methanol-d4.
We believed that the dirhodium catalyst precursors [rac-Rh2(nbd)2(et,ph-P4Ph)](BF4)2 and [meso-Rh2(nbd)2(et,ph-P4-Ph)](BF4)2 could be prepared from
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rac,meso-et,ph-P4-Ph with 2.0 equiv. of [Rh(nbd)2](BF4) (nbd = norbornadiene) in the

same manner as with rac,meso-et,ph-P4 (Scheme 3.81).

Scheme 3.80. Proposed preparation of [rac,meso-Rh2(nbd)2(et,ph-P4-Ph)](BF4)2.

Attempts at the recrystallization of [rac,meso-Rh2(nbd)2(et,ph-P4-Ph)](BF4)2
complexes from CH2Cl2 have proven to be unsuccessful. Slow evaporation of CH2Cl2
yielded only a dark brown solid which was unsuitable for analysis by X-ray
crystallography. A 31P{1H} NMR spectrum of the compound was obtained, but its complex
coupling pattern did not allow its elucidation (see Chapter 4, Figure 4.38).
3.11.

Conclusions and Future Work

The synthesis of the novel tetraphosphine ligands rac- and meso-et,ph-P4-Ph has
proven to be a challenging project that has involved the application of a variety of synthetic
techniques and methodologies, a simplified summary of which is illustrated in Scheme
3.81. The last-second characterization of meso-Ni2Cl4(et,ph-P4-Ph) is extremely exciting
as it has allowed us to provide irrefutable evidence for the successful synthesis of
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et,ph-P4-Ph, albeit in its meso diastereomeric form. However, we are confident that the

dinickel complex rac-Ni2Cl4(et,ph-P4-Ph) will also be characterized in the near future.
The successful preparation of et,ph-P4-Ph via the Grignard-mediated P-C coupling
route will be optimized and will be performed on a larger scale in order to provide the
compound in large enough quantities to allow extensive work toward the preparation of the
catalyst precursors [rac-Rh2(nbd)2(et,ph-P4-Ph)](BF4)2 and [meso-Rh2(nbd)2(et,ph-P4Ph)](BF4)2. This will require the development of a suitable method for the separation of

both diastereomeric forms of the ligand, and the use of NiCl2·6H2O for this purpose
appears very promising and will be investigated further.
The preliminary results obtained in the preparation of the catalyst precursors
[rac-Rh2(nbd)2(et,ph-P4-Ph)](BF4)2 and [meso-Rh2(nbd)2(et,ph-P4-Ph)](BF4)2 are

encouraging, and the 31P{1H}NMR spectrum of the product (Chapter 4, Figure 4.38)
exhibits a coupling pattern that could well be indicative of its successful synthesis.
However, single crystals suitable for X-ray crystallography are needed in order to obtain a
positive identification of the precursors, and we will attempt a variety of recrystallization
solvents and methods to this end.
The next logical venue for this project is the testing of the dirhodium catalyst
systems [rac-Rh2(nbd)2(et,ph-P4-Ph)](BF4)2 and [meso-Rh2(nbd)2(et,ph-P4-Ph)]2+in the
hydroformylation of 1-hexene. The use of both racemic and meso diastereomeric forms of
the catalyst should provide detailed information into the mechanism of the
hydroformylation reaction with this modified tetraphosphine system. DFT caculations are
also planned on this system in order to estimate its viability on the catalytic reaction.
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Scheme 3.81. Overview of the synthetic routes employed in the preparation of
rac,meso-et,ph-P4-Ph. The successful synthetic route is circled in red.
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CHAPTER 4: EXPERIMENTAL PROCEDURES AND SPECTROSCOPIC DATA
4.1.

General

All manipulations were carried out under an inert atmosphere of nitrogen and in
oven-dried glassware using a Vacuum Atmospheres Company glovebox or by using
standard Schlenk techniques unless noted otherwise. Tetrahydrofuran (THF), diethyl ether,
CH2Cl2, hexane, and N,N-dimethylformamide (DMF) were obtained dry and in high purity
under inert atmosphere from an Innovative Technology Inc. PURESOLV™ solvent
purification system. All other solvents were obtained anhydrous from commercial sources
and were used as received. Distilled water was degassed by purging with nitrogen gas for
30 min prior to use.
Reagents and starting materials were obtained from commercial suppliers and used
as received, except for phenylphosphine,4.1 and 1,2-bisphosphinobenzene (b),4.2 which were
prepared according to literature methods. Isopropylmagnesium bromide was produced from
magnesium turnings and isopropyl bromide in THF. Organolithium and Grignard reagents
were obtained as commercial solutions and were titrated over salicylaldehyde
phenylhydrazone4.3 immediately preceding their use.
1

H NMR spectra were recorded on a Bruker DPX-250 spectrometer (250 MHz) or

an ARX-300 spectrometer (300 MHz), with chloroform (7.26 ppm), or benzene (7.15 ppm)
as the internal standard. The 13C NMR spectra were recorded on a Bruker DPX-250
spectrometer (62.8 MHz), or an ARX-300 spectrometer (75.0 MHz), with chloroform (77.0
ppm), or benzene (128.02 ppm) as the internal standard. The 31P NMR spectra were
recorded on a Bruker DPX-250 spectrometer (101.2 MHz) or an ARX-300 spectrometer
(121.4 MHz) with 85% phosphoric acid (0.0 ppm) as the external reference. Data are
reported as follows: δ chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q =
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quartet, quin = quintet, m = multiplet, dd = doublet of doublets, dt = doublet of triplets, dq
= doublet of quartets, ddd = doublet of doublet of doublets, td = triplet of doublets, tt =
triplet of triplets, , br = broad), coupling constant in hertz, and integration. The multiplicity
reported in the 13C{1H} spectra refers to the 31P-13C coupling.
4.2.

Syntheses Involved in the Preparation of [rac-Rh2(nbd)2(et,ph-P4)](BF4)2

The procedures employed in the preparation of the phosphine building blocks
toward [rac-Rh2(nbd)2(et,ph-P4)](BF4)2 have been reported elsewhere.4.4 The following
section aims at providing a detailed experimental protocol for the synthesis of each one of
these building blocks, and, in some cases, modifications are reported that led to an
improvement of the yields.
4.2.1. Preparation of Methylenebis(phenylphosphine), h, rac- and mesoPh(H)PCH2P(H)Ph

The original procedure used for the preparation of h was developed by Laghans and
Stelzer.4.5 A solution of PhPH2 (35.0 g, 0.318 mol) and CH2Cl2 (13.5 g, 0.159 mol) in DMF
(320 mL) was treated, at 0 oC, with a 56% aqueous solution of KOH (62.4 g (1.1 mol) of
KOH dissolved in 49 mL of H2O) over 1-1½ h. The initially orange solution turned
progressively yellow with a white precipitate as more KOH solution was added. The
resulting yellow phosphide solution was allowed to slowly warm to room temperature and
was stirred until it became virtually colorless (ca. 6-7 h). Quenching of the reaction mixture
by the addition of 245 mL of H2O generated a cloudy white color. The product of the
reaction was extracted into three 100 mL portions of pentane, which were then combined
and dried over Na2SO4. Pentane was evaporated in vacuo (0.3 Torr) at 75 oC to produce a
clear liquid (17.0 g, 46%). Yields are typically 40-47%, and the purity level, based on 31P
NMR, is typically greater than 94%.
31

P{1H} NMR (121.5 MHz, CDCl3): δ -53.2 (s) and -54.7 (s) [lit.4.1 δ -56.3 and -

57.6] (Figure 4.1).
172

4.2.2. Preparation of Diethylchlorophosphine, PEt2Cl

This procedure is an improvement on the methods previously reported.4.2 To an icechilled solution of PCl3 (64.5 g, 0.469 mol) in tetraglyme (80 mL) was added dropwise an
ice-chilled solution of Et2Zn (60.0 g, 0.485 mol) also in tetraglyme (100 mL). The resulting
mixture was stirred at room temperature for ca. 2 h, and the diethylchlorophosphine
product was subsequently vacuum distilled (0.5 Torr) at 35-40 oC using a trap to trap
apparatus. The product was obtained as a colorless liquid (55.4 g, 95%). Yields are
typically 80-95%, and the purity level, based on 31P NMR, is typically greater than 98%.
31

P{1H} NMR (121.5 MHz, CDCl3): δ 119.1 (s) (Figure 4.2).

4.2.3. Preparation of Vinyldiethylphosphine, Et2P(CH=CH2)

This procedure has been previously reported.4.2c To a 1.0 M solution of
vinylmagnesium bromide in THF (180.0 mL, 0.180 mol) was added 200 mL of tetraglyme.
Solvent exchange was perform in vacuo to yield a solution of vinylmagnesium bromide in
tetraglyme, which was subsequently treated at 0 oC with a solution of PEt2Cl (20.4 g, 0.163
mole) in tetraglyme (90 mL). The slow addition was performed over 2 h, upon which the
reaction mixture was allowed to slowly warm to room temperature and was stirred for an
additional 45 min. The vinyldiethylphoshine product was then distilled in vacuo (0.6 Torr)
using a trap to trap apparatus to yield a colorless liquid (16.5 g, 87%). Yields are typically
80-90%, and the purity level, based on 31P NMR, is typically greater than 99%.
31

P{1H} NMR (101.2 MHz, CDCl3): δ -18.5 (s) (Figure 4.3).

4.2.4. Preparation of rac,meso-et,ph-P4

A Schlenk flask was charged with Et2P(CH=CH2) (8.66 g, 0.074 mol) and
rac,meso-Ph(H)PCH2P(H)Ph (7.88 g, 0.033 mol), and the resulting reaction mixture was

subjected to irradiation with a Xe vapor UV lamp with stirring for 8 to 12 h. The excess

173

Et2P(CH=CH2) was then removed in vacuo (0.5 Torr) at 70-75 oC to yield
rac,meso-et,ph-P4 as a slightly yellow viscous oil (15.2 g, 97%). Yields are typically 95-

98%, and the purity level, based on 31P NMR, is typically greater than 98%.
31

P{1H} NMR (121.5 MHz, CDCl3, Figure 4.4): external phosphorus atoms, δ -18.0

(t, J = 11.7 Hz, 4P); diastereotopic internal phosphorus atoms, -25.5 (racemic, t, J = 11.7
Hz, 2P), and -26.4 (meso, t, J = 11.7 Hz, 2P) (Figure 4.4).
4.2.5. Separation of rac-et,ph-P4 and meso-et,ph-P4

A mixture of rac- and meso-et,ph-P4 ligands was diluted with approximately three
times its volume of hexanes, and the resulting solution was placed at -20 oC overnight. A
white solid had formed which was composed of meso-et,ph-P4 in 90% purity, while the
solution contained rac-et,ph-P4 in about 70% purity. Cold (-30 oC) filtration was
performed to separate the meso-et,ph-P4 from the rac-et,ph-P4. Three additional
recrystallization steps were typically required to obtain rac-et,ph-P4 with a purity of 85%
and higher.
31

P{1H} NMR (121.5 MHz, CDCl3): hexanes phase, δ -17.1 (br m), -24.7 (racemic

diastereomer, t, J = 11.8 Hz), and -25.6 (meso diastereomer, t, J = 11.8 Hz) (Figure 4.5);
white solid, -17.5 (br m), -24.9 (racemic diastereomer, br m), and -25.9 (meso
diastereomer, dd, J = 10.1 Hz, J = 13.6 Hz) (Figure 4.6).
4.2.6. Preparation of Rh(nbd)(acac)

A solution of Rh(CO)2(acac) (8.98 g, 0.034 mol) in bicyclo[2.2.1]hepta-2,5-diene
(norbornadiene) (255 mL) was heated at 85 oC for 24 h. Steady removal of the CO gas
evolved during the reaction was assisted by passing a low intensity stream of nitrogen gas
through the solution with the help of a double tipped transfer needle. The yellow solution
thus obtained was filtrated over Celite to remove unreacted Rh(CO)2(acac), and the filtrate
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was concentrated in vacuo (0.5 Torr) to yield a yellow solid. The product Rh(nbd)(acac)
was recrystallized at -20 oC from a 5:1 mixture of THF/hexane (6.62 g, 80%). Yields are
typically 75-85%.
1

H NMR (250 MHz, CDCl3): δ 5.3 (s, 1H), 3.9 (q, J = 2.2 Hz, 4H), 3.8 (br m, 2H),

1.9 (s, 6H), 1.2 (m, 2H) (Figure 4.7).
4.2.7. Preparation of [Rh(nbd)2](BF4)

To a solution of [Rh(nbd)(acac)] (4.00 g, 0.013 mol) in THF (60 mL) was added
dropwise, at -20 oC, a solution of HBF4◊OEt2 (4.00 g of a 54% solution in Et2O, 0.024 mol).
The resulting mixture was allowed to warm to room temperature and was stirred for an
additional 30 min. It was then cooled to 0 oC, and norbornadiene (6.02 g, 0.065 mol) was
added dropwise. An orange precipitate formed and the mixture was placed at -20 oC for 3
h, without stirring, to allow for the crystallization of the product. Filtration of the solid was
performed in the glovebox, and the solid was washed six to eight times with hexane to
remove unreacted norbornadiene and HBF4◊OEt2. The resulting red solid, which was
[Rh(nbd)2](BF4), was dried in vacuo (4.21 g, 87%). Yields are typically 75-85%.
1

H NMR (250 MHz, CDCl3): δ 5.6 (s, 4H), 4.2 (s, 2H), 3.4 (s, 2H), 1.6 (s, 4H), 1.2

(s, 2H), and 0.8 (s, 2H) (Figure 4.8).
4.2.8. Preparation of [rac-Rh2(nbd)2(et,ph-P4)](BF4)2

To a solution of [Rh(nbd)2](BF4) (3.44 g, 9.19 mmol) in CH2Cl2 (15 mL) was added
dropwise, with stirring, a solution of 75 to 85% pure rac-et,ph-P4 (2.13 g, 4.59 mmol) in
CH2Cl2 (5 mL). The reaction mixture was stirred for an additional 90 min, and CH2Cl2 was
removed with vacuum to yield a red powder. The [rac-Rh2(nbd)2(et,ph-P4)](BF4)2 solid
was then recrystallized from acetone (2.86 g, 60%). Yields are typically 55-70%, and the
purity level is typically 97% and higher.
175

31

P{1H} NMR (101.2 Hz, CDCl3): δ 61.4-59.7 (dd, JP,P = 24.8 Hz, JP,Rh = 153.8 Hz,

2P), and 47.8-45.9 (dd, JP,P = 24.8 Hz, JP,Rh = 163.7 Hz, 2P) (Figure 4.9).
4.3.

Syntheses toward the Preparation of rac,meso-et,ph-P4-Ph

4.3.1. Preparation of 1-(ethylphosphino)-2-(phosphino)benzene, c

This procedure is an adaptation from the work of Kyba et al.4.2 A stirred solution of
1,2-bisphosphinobenzene, b (4.04 g, 28.18 mmol) in THF (360 mL), at -78 oC, was treated
with a 0.8 M hexane solution of nBuLi (28.18 mL, 22.5 mmol) at -60 oC, over 4 h. The
bright orange solution was allowed to stir at -78 oC for 80 min. Ethyl iodide (3.50 g, 22.5
mmol) was then syringed at -78 oC and the resulting yellow solution was allowed to slowly
warm to room temperature overnight. The essentially colorless solution was quenched with
H2O (50 mL), the layers were separated, and the aqueous layer was extracted with diethyl
ether (3 μ 50 mL). The combined organic extracts were dried over Na2SO4 and
concentrated under vacuum. The residue was distilled via short-path distillation to give c as
a colorless, air-sensitive liquid (3.26 g, 68%): bp 70 oC (0.3 Torr).
31

P{1H} NMR (101.2 MHz, CDCl3): δ -46.8 (d, J = 69.4 Hz, 1P), and -124.1 (d, J =

69.4 Hz, 1P) (Figure 4.10). 1H NMR (300 MHz, CDCl3): δ 7.3 (br m, 2H), 7.0-6.9 (dt, J =
19.2 Hz, J = 7.4 Hz, 2H), 4.5 (m, 1H), 4.4 (ddd, J = 6.3 Hz, J = 11.9 Hz, J = 23.7 Hz, 1H),
3.8 (m, 1H), 3.7 (m, 1H), 3.3 (dd, J = 6.8 Hz, J = 14.0 Hz, 1H), 1.6 (m, 3H), 1.2 (t, J = 6.8
Hz, 1H), and 1.0 (dt, J = 7.7 Hz, J = 7.4 Hz, 4H) (Figure 4.11).
4.3.2. Preparation of 1,2-bis(dichlorophosphino)benzene, f

This procedure is adapted from the work of Weferling.4.6 To a stirred solution of
hexachloroethane (64.58 g, 0.27 mol) in toluene (25 mL) was added dropwise, at 120 oC,
1,2-bisphophinobenzene, b (8.82 g, 0.06 mol). The slightly orange solution was heated at
120 oC for 2 h, then at 160 oC for 15 h. The resulting black oil was then distilled in vacuo
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via short-path distillation to yield f as a colorless, air-sensitive liquid (12.08 g, 72%): bp

120-123 oC (0.5 Torr) [lit.4.7 bp 132 oC (950 μm)]. Yields are typically 70-75%, and the
product is typically 98% pure and higher.·
31

P{1H} NMR (101.2 MHz, CDCl3): δ 153.0 (s) [lit.4.7 δ 154.0] (Figure 4.12).

4.3.3. Attempted Preparation of 1-(ethylphosphino)-2-(phenylphosphino)benzene, d
4.3.3.1.

Method A (Table 3.4, entry 4)

To a stirred solution of c (2.0 g, 11.7 mmol) in THF (120 mL) at -78 oC, was added
dropwise a 0.8 M hexane solution of nBuLi (14.7 mL, 11.7 mmol) at -50 oC. The resulting
orange solution was stirred at -78 oC an additional 30 min, and a solution of iodobenzene
(2.38 g, 11.7 mmol) in THF (50 mL) was slowly added at -78 oC over a period of 2 h. The
reaction medium was allowed to warm to room temperature and was then refluxed for 48 h.
The resulting yellow solution was analyzed by 31P NMR for product content, but d was not
indicated as a product.
4.3.3.2.

Method B

This procedure is adapted from the work of Kyba et al.4.7 A 1.88 M diethyl ether
solution of phenylmagnesium bromide (6.4 mL, 12.04 mmol) was added, with stirring, to a
clear solution of anhydrous ZnCl2 (1.64 g, 12.04 mmol) in THF (107 mL), and stirred for
30 min. The resulting solution was cooled to -78 oC and treated with f (3.36 g, 12.04 mmol)
in THF (35 mL), also at -78 oC. The resulting milky white solution was allowed to warm to
room temperature and stirred for 3 h. It was subsequently re-cooled to -78 oC, treated with
a 1.49 M diethyl ether solution of ethylmagnesium chloride (8.08 mL, 12.04 mmol), and
then stirred at room temperature for 5 h. The solution was again cooled to -78 oC, and
LiAlH4 powder (1.37 g, 36.12 mmol) was added by way of a solid addition funnel. The
resulting green suspension was stirred at room temperature overnight. It was subsequently
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quenched at 0 oC with aqueous NaOH (6 M, 14.0 mL, 83.8 mmol). The THF layer was
separated, and the salts were washed with diethyl ether (3 ä 30 mL). The organic extracts
were combined, dried over Na2SO4, and concentrated under vacuum. Analysis by 31P NMR
did not indicate the presence of d.
4.3.3.3.

Method C

To a solution of c (2.0 g, 11.76 mmol) in THF (24 mL) was added piecewise Na
metal (0.27 g, 11.76 mmol) with stirring. The resulting orange solution was stirred for 5 h
until all of the Na dissolved. It was subsequently cooled to -78 oC and bromobenzene (1.84
g, 11.76 mmol) in THF (2 mL) was added dropwise. The solution was stirred for 24 h at
room temperature. The dark red solution was quenched with H2O (15 mL) at 0 oC, which
generated a green color. The organic layer was separated, and the aqueous layer was
extracted with diethyl ether. The organic extracts were combined and dried over Na2SO4.
Analysis by 31P NMR did not reveal the presence of d.
4.3.4. Preparation of 1-(diethylphosphino)-2-iodobenzene, i1

The following procedure was performed in a Schlenk flask covered with aluminum
foil in order to exclude light. A solution of 1,2-diiodobenzene (25.0 g, 75.77 mmol) in THF
(80 mL) was treated at 0 oC with a 0.44 M THF solution of isopropylmagnesium bromide
(171.0 mL, 75.77 mmol). The resulting solution was stirred at 0 oC for 6 h. It was
subsequently cooled to -25 oC, and slowly treated with a solution of
diethylchlorophosphine (9,72 g, 78.0 mmol) in THF (90 mL). The yellow solution was
allowed to warm to room temperature and stirred overnight. Water (80 mL) was added, and
the organic layer was separated. The aqueous layer was extracted with diethyl ether (3 μ 50
mL), the organic extracts were combined and dried over Na2SO4, and the solvents were
removed in vacuo to yield a slightly yellow liquid. The product was distilled via short-path

178

distillation in vacuo to yield 16.0 g (72%) of an air- and light-sensitive colorless liquid: bp
116-122 oC (0.6 Torr). Typical yields are 70-75%, and the purity of the product is typically
greater than 99%.
31

P{1H} NMR (101.2 MHz, C6D6): δ 0.3 (s) (Figure 4.13). 1H NMR (250 MHz,

C6D6): δ 7.7 (br m, 1H), 7.2 (sharp m, J = 7.3 Hz, 2H), 6.8 (sharp m, J = 7.3 Hz, 1H), 1.5
(m, 4H), and 0.9 (m, J = 7.3 Hz, JP,H = 7.7 Hz, 6H) (Figure 4.14). 13C{1H} NMR (62.8
MHz, C6D6): δ 142.3 (d, J = 15.3 Hz), 139.5 (s), 139.4 (d, J = 15.3 Hz), 108.5 (d, J = 40.3
Hz), 77.4 (d, J = 30.7 Hz), 76.6 (s), 19.3, and 9.5 (d, J = 13.4 Hz) (Figure 4.15).
4.3.5. Preparation of 1-(diethylphosphino)-2-bromobenzene, i2

The procedure described above was repeated on a 0.148 mol scale using 1,2dibromobenzene. The reaction afforded the product i2 in 78% yield (28.3 g): bp 83 oC (0.4
Torr) [lit.4.8 bp 111-112 oC/0.8 Torr].
31

P{1H} NMR (101.2 MHz, C6D6): δ -13.6 (s) [lit.4.8 -15.4] (Figure 4.16). 1H NMR

(250 MHz, C6D6): δ 7.4 (br m, 1H), 7.1 (d, J = 4.5 Hz, 2H), 7.0 (m, 1H), 1.6 (m, J = 7.3
Hz, 4H), and 0.9 (m, J = 7.3 Hz, JP,H = 7.7 Hz, 6H) (Figure 4.17). 13C{1H} NMR (62.8
MHz, C6D6): δ 139.8 (d, J = 17.2 Hz), 134.5 (s), 131.4 (d, J = 28.8 Hz), 129.3 (s), 78.1 (d,
J = 32.6 Hz), 77.4 (s), 19.1, and 10.3 (d, J = 13.4 Hz) (Figure 4.18).
4.3.6. Preparation of 1-(diethylphosphino)-2-fluorobenzene, i3.

Compound i3 was prepared by using the procedure described for i1. The reaction
was performed on a 0.171 mol scale using 1-bromo-2-fluorobenzene, and afforded the
production of i3 in 73% yield (23.0 g): bp 77-80 oC (0.3 Torr).
31

P{1H} NMR (101.2 MHz, C6D6): δ -21.6 (d, JP,F = 29.8 Hz) (Figure 4.19). 1H

NMR (250 MHz, C6D6): δ 7.2 (br m, 1H), 6.8 (m, 3H), 1.6 (m, 4H), and 0.9 (m, J = 7.3 Hz,
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JP,H = 7.7 Hz, 6H) (Figure 4.20). 13C{1H} NMR (62.8 MHz, C6D6): δ 133.8 (dd, J = 5.7 Hz,
J = 13.4 Hz), 130.6 (d, J = 7.7 Hz), 124.2 (t, J = 3.8 Hz), 115.4 (d, J = 24.9 Hz), 18.8 (d, J

= 3.8 Hz), 18.5 (s), and 10.0 (d, J = 13.4 Hz) (Figure 4.21).
4.3.7. Alkali Metal-Mediated P-C Coupling Reactions

The reaction with potassium metal (Table 3.11, entry 7) was performed according
to the following general procedure. To K metal (0.168 g, 4.3 mmol) was added a solution
of h (0.5 g, 2.15 mmol) in DME (5 mL). The resulting red solution was stirred for 45 min,
and was transferred to a clean Schlenk flask to eliminate unreacted potassium. It was then
treated with a solution of i3 (0.79 g, 4.3 mmol) in DME (3 mL), and subsequently heated to
102-103 oC for 16 h. The resulting orange solution was quenched with H2O (10 mL), and
the product was extracted with diethyl ether (3 μ 10 mL). The organic layer was dried over
Na2SO4, and the solvents were removed under vacuum to yield a slightly yellow liquid. 31P
NMR analysis of the product did not indicate the presence of rac,meso-et,ph-P4-Ph.
4.3.8. Nucleophilic Aromatic Substitution Reactions
4.3.8.1.

Method A (Table 3.12, entry 3)

To a solution of tBuOK (0.48 g, 4.3 mmol) in DMSO (5 mL) was added at room
temperature a solution of h (0.5 g, 2.15 mmol) in DMSO (3 mL). The resulting red solution
was heated to 67-70 oC for 1 h. A solution of i3 (0.79 g, 4.3 mmol) in DMSO (2 mL) was
then added with stirring at 70 oC, and the resulting solution was stirred at 70 oC for an
additional 72 h. Analysis of the crude reaction mixture did not indicate the formation of
rac,meso-et,ph-P4-Ph.
4.3.8.2.

Method B (Table 3.13, entry 3)

To a stirred suspension of KOH powder (2.53 g, 45.22 mmol) in DMSO (100 mL)
was slowly added at room temperature a solution of h (5.0 g, 21.53 mmol) in DMSO (7
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mL). The solution was stirred at room temperature for 2 h, during which it became orange.
A solution of i3 (7.93 g, 43.06 mmol) in DMSO (5 mL) was then added dropwise at room
temperature, and the solution was stirred for 1 h. It was subsequently heated to 70 oC for 6
d, and to 105 oC for an additional 24 h. Water (20 mL) was added, and the product was
extracted with pentane. The pentane phase was dried over Na2SO4, and the solvents were
removed in vacuo. Short-path vacuum distillation (0.5 Torr) gave i3 as the only product.
Recrystallization of the residue from DMF gave the triphosphine
bis(o-phenylenediethylphosphino)phenylphosphine, j.
Compound j: 31P{1H} NMR (101.2 MHz, C6D6): δ -15.4 to -18.4 (dd, J = 138.9 Hz,
J = 163.7 Hz, 1P), -26.31 (d, J = 138.9 Hz, 1P), and -26.34 (d, J = 163.7 Hz, 1P) (Figure

4.22). 1H NMR (250 MHz, C6D6): δ 7.5 (m, 2H), 7.4 (m, 2H), 7.2 (dd, J = 14.1 Hz, J = 6.8
Hz, 7H), 7.0 (t, J = 7.3 Hz, 2H), 1.7 (dq, JH,H = 7.7 Hz, JH,P = 20.1 Hz, 8H), and 1.02 (td,
JH,P = 7.3 Hz, JH,H = 13.7 Hz, 12H) (Figure 4.23). 13C{1H} NMR (62.8 MHz, C6D6): δ

135.2 (d, J = 19.2 Hz), 134.7 (m), 130.5 (d, J = 7.7 Hz), 129.0 (d, J = 15.3 Hz), 20.6 (m),
and 10.4 (t, J = 7.6 Hz) (Figure 4.24).
4.3.9. Preparation of Methylenebis(trimethylsilylphenylphosphine), h′,
(TMS)(Ph)PCH2P(Ph)(TMS)

This procedure was adapted from the work of Uhlig and Tzschach.4.9 A solution of
h (2.5 g, 10.75 mmol) in diethyl ether (10 mL) was treated with Et3N (2.39 g, 23.65 mmol),

and the resulting solution was stirred at room temperature for 5 h. Trimethylsilyl
trifluoromethanesulfonate (TMS-Tf) (5.73 g, 25.8 mmol) was syringed into the solution,
and the mixture was stirred for an additional 6 h. Two layers developed. The upper layer
was separated and concentrated in vacuo to yield 3.31 g (82%) of a colorless oil. Typical
yields are 80-85% with a purity greater than 99%.
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P{1H} NMR (101.2 MHz, CDCl3): diastereomeric mixture, δ -88.2 (s) and -88.4

(s) (Figure 4.25).
4.3.10. Palladium-Catalyzed P-C Coupling Reactions
4.3.10.1.

Attempted Preparation of rac,meso-et,ph-P4-Ph from h′

The general procedure was adapted from the literature.4.10 To a solution of i1 (3.25
g, 11.1 mmol) and Pd(dba)2 (2.5 mol %, 0.017 g, 0.03 mmol) in THF (10 mL) was slowly
added a solution of h′ (2.1 g, 5.55 mmol) in THF (5 mL). The solution turned black. It was
then heated to 60 oC for 6h. 31P NMR analysis of an aliquot did not indicate the formation
of rac,meso-et,ph-P4-Ph.
4.3.10.2.

Attempted Preparation of rac,meso-et,ph-P4-Ph from h
(Table 3.14, entries 1 and 4)

The general procedure were adapted from the work of Stelzer and co-workers.4.11
A Schlenk flask covered with aluminum foil was charged with a solution of i1 (2.0
g, 6.85 mmol), h (0.79 g, 3.42 mmol), Et3N (0.76 g, 7.52 mmol), and Pd(PPh3)4 (2 mol %,
79 mg, 0.06 mmol) in toluene (10 mL). The orange solution was heated to 130 oC for up to
5 d, and an aliquot was analyzed by 31P NMR spectroscopy. Only starting materials were
observed.
The same reaction was performed with Pd(OAc)2 (2 mol %, 13 mg, 0.06 mmol) and
KOAc (0.73 g, 7.52 mmol) in N,N-DMA (10 mL) at 130 oC for up to 5 d. A dark green
solution was obtained. Analysis of an aliquot by 31P NMR indicated the presence of only
starting materials.
4.3.10.3.

Preparation of 1-(diethylphosphino)-2-iodobenzene-borane, i1◊BH3, and
1-(diethylphosphino)-2-bromobenzene-borane, i2◊BH3

The reaction vessel was covered with aluminum foil in order to exclude light. A
solution of i1 (6.43 g, 22 mmol) or i2 (5.4 g, 22 mmol) in THF (25 mL) was treated at 0 oC
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with a 1.0 M THF solution of adduct BH3◊THF (44.0 mL, 44 mmol). The resulting solution
was stirred overnight at room temperature. The solvent was removed in vacuo to yield a
slightly yellow, air-stable oil. The oil was diluted with toluene (25 mL), which precipitated
the unreacted excess BH3◊THF, and passed through a plug of silica gel to remove any
impurities and unreacted BH3◊THF. The filtrate was then concentrated in vacuo to yield
i1◊BH3 (4.85 g, 72%) or i2◊BH3 (3.87 g, 68%) as a colorless liquid.
i1◊BH3: 31P{1H} NMR (101.2 MHz, C6D6): δ 35.6 (q, JP,B = 54.5 Hz) (Figure 4.26).
1

H NMR (250 MHz, C6D6): δ 7.9 (m, 1H), 7.3 (tt, JP,H = 7.7 Hz, JH,H = 1.3 Hz, 2H), 7.0 (tt,

JP,H = 7.7 Hz, JH,H = 1.3 Hz, 2H), 2.4 (ddd, J = 7.3 Hz, J = 14.1 Hz, J = 28.3 Hz, 2H), 1.9

(dt, J = 7.3 Hz, J = 21.9 Hz, 2H), 1.0 (t, J = 7.7 Hz, 3H), and 0.9 (t, J = 7.3 Hz, 3H) (Figure
4.27).
i2◊BH3: 31P{1H} NMR (101.2 MHz, C6D6): δ 34.1 (q, JP,B = 54.5 Hz) (Figure 4.28).
1

H NMR (250 MHz, C6D6): δ 7.9 (m, 1H), 7.5 (m, 1H), 7.2 (quin, J = 7.3 Hz, 2H), 2.3

(ddd, J = 7.3 Hz, J = 14.1 Hz, J = 28.3 Hz, 2H), 1.8 (ddd, J = 7.3 Hz, J = 14.1 Hz, J = 28.3
Hz, 2H), 0.9 (t, J = 7.7 Hz, 3H), and 0.8 (t, J = 7.7 Hz, 3H) (Figure 4.29).
4.3.11. Preparation of Methylenebis(chlorophenylphosphine), n, rac,mesoCl(Ph)PCH2P(Ph)Cl

A solution of h (6.0 g, 25.8 mmol) and hexachloroethane (12.23 g, 51.7 mmol) in
diethyl ether (50 mL) was heated to 45 oC for 24 h. The resulting pink solution was cooled
to room temperature, and a white solid formed in the solution. The mixture was then
filtered over a plug of Celite, and the solvent was removed in vacuo with heating (65-70
o

C), which yielded compound n as a viscous pink oil (6.75 g, 87%). The purity is typically

98% and higher by 31P NMR.
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P{1H} NMR (101.2 MHz, CDCl3): δ 81.7 (s) [lit.4.12 81.8] (Figure 4.30). 1H NMR

(250 MHz, C6D6): δ 7.5 (m, 4H), 7.2 (m, 6H), and 2.9 (br s, 2H) (Figure 4.31). 13C{1H}
NMR (62.8 MHz, CDCl3): δ 134.4 (m), 127.7, 125.5 (m), 73.9 (m), 42.2 (t, J = 42.3 Hz)
(Figure 4.32).
4.3.12. Lithium-Mediated P-C Coupling (Table 3.16, entry 4)

The procedure for this reaction is adapted from the work of Hart4.13 and Bennett et
al.4.14 for the preparation of o◊Et2O. To a solution of i2 (0.5 g, 2.04 mmol) in diethyl ether

(14 mL) was slowly added at room temperature a 1.6 M hexane solution of nBuLi (1.27
mL, 2.04 mmol). The dark brown solution was stirred for 30 min, and a solution of n (0.3
g, 1.02 mmol) in diethyl ether (2.5 mL) was added. The mustard suspension was quenched
with H2O (5 mL), and the ether layer was separated. 31P NMR spectroscopy of the ether
layer did not indicate the presence of rac,meso-et,ph-P4-Ph.
4.3.13. Grignard-Mediated P-C Coupling (Table 3.17, entry 2)

The reaction vessel was covered with aluminum foil in order to exclude light. A
solution of i1 (4.0 g, 13.69 mmol) in THF (10 mL) was slowly treated at 0 oC with a 0.52 M
THF solution of isopropylmagnesium bromide (25.9 mL, 13.69 mmol). The solution was
stirred at 0 oC for 8 h. It was subsequently cooled to -25 oC, and a solution of n (2.06 g,
6.84 mmol) in THF (5 mL), also at -25 oC, was added. The yellow solution was allowed to
warm to room temperature and was stirred overnight. Water (10 mL) was added, the
organic layer was separated, and the aqueous layer was extracted with diethyl ether. The
ether extracts were dried over Na2SO4 and the solvents were removed under vacuum.
Short-path vacuum distillation (0.4 Torr) was performed at temperatures up to 180 oC,
which gave unreacted i1 as the only fraction and a viscous white paste residue. The residue
was dissolved in EtOH and cooled to -50 oC to promote recrystallization of the product. A
184

white solid formed which melted at room temperature. Centrifugation of the cooled
suspension (-60 oC) allowed partial isolation of the solid, and removal of EtOH under
vacuum yielded a highly viscous white paste.
31

P{1H} NMR (101.2 MHz, C6D6) (Figure 4.33) and 1H NMR (250 MHz, C6D6)

(Figure 4.34) could not be fully analyzed due to the complexity of the coupling patterns
observed.
4.3.14. Preparation of rac,meso-Ni2Cl4(et,ph-P4-Ph)

This procedure is adapted from the literature.4.13 To a rapidly stirred solution of
NiCl2◊6H2O (0.67 g, 2.85 mmol) in EtOH (10 mL) was slowly added a solution of
rac,meso-et,ph-P4-Ph (0.8 g, 1.42 mmol) in EtOH (14.5 mL). The solution turned

progressively dark brown and was stirred overnight. An orange precipitate formed within
the black supernatant. The orange precipitate was filtered and dried in vacuo to yield an
orange solid (0.45 g, 38%), and the filtrate concentrated in vacuo to yield a dark brown
solid (0.37 g, 31%).
Orange solid (meso-Ni2Cl4(et,ph-P4-Ph) and [meso-Ni2Cl2(μ-OH)(et,ph-P4-Ph)]+):
31

P{1H} NMR (101.2 MHz, CDCl3): δ 69.7 (d, J = 74.4 Hz, 2Pint, 40%), 67.1 (d, J = 74.4 Hz,

2Pint, 60%), 50.7 (d, J = 74.4 Hz, 2Pext, 40%), and 49.1 (d, J = 74.4 Hz, 2Pext, 60%). The
resonances have been assigned to [meso-Ni2Cl2(μ-OH)(et,ph-P4-Ph)]+ (resonances 1 and 3)
and meso-Ni2Cl4(et,ph-P4-Ph) (resonances 2 and 4) (Figure 4.35). 1H NMR (250 MHz,
CDCl3) and 13C{1H} NMR (62.8 MHz, CDCl3): the complex coupling patterns render the
interpretation of the spectrum difficult (Figures 4.36 and 4.37).
4.3.15. Preparation of [rac,meso-Rh2(nbd)2(et,ph-P4-Ph)](BF4)2

A solution of [Rh(nbd)2](BF4) (0.13 g, 0.357 mmol) in CH2Cl2 (1 mL) was slowly
treated with a solution of rac,meso-et,ph-P4-Ph (0.1 g, 0.178 mmol) in CH2Cl2 (0.5 mL).
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The dark red solution was allowed to stir at room temperature for 30 min, and
CH2Cl2 was removed under vacuum. The resulting red solid was recrystallized from
acetone. A dark purple solid was obtained, which was not suitable for X-ray spectroscopy
analysis.
31

P{1H} NMR (101.2 MHz, acetone-d): the rather complex coupling patterns

observed do not allow us to positively identify the resonances (Figure 4.38).
4.4.

31

P{1H}, 1H, and 13C{1H} NMR Spectra

Figure 4.1. 31P{1H} NMR spectrum of rac- and meso-Ph(H)PCH2P(H)Ph, h.

Figure 4.2. 31P{1H} NMR spectrum of PEt2Cl.
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Figure 4.3. 31P{1H} NMR spectrum of Et2P(CH=CH2).

Figure 4.4. 31P{1H} NMR spectrum of rac,meso-et,ph-P4 mixture.
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Figure 4.5. 31P{1H} NMR spectrum of rac-et,ph-P4 (contains ~ 15% of meso-et,ph-P4).

Figure 4.6. 31P{1H} NMR spectrum of meso-et,ph-P4 (contains ~ 4% of rac-et,ph-P4).
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Figure 4.7. 1H NMR spectrum of Rh(nbd)(acac).

Figure 4.8. 1H NMR spectrum of [Rh(nbd)](BF4).
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Figure 4.9. 31P{1H} NMR spectrum of [rac-Rh2(nbd)2(et,ph-P4)](BF4)2.

Figure 4.10. 31P{1H} NMR spectrum of 1-(ethylphosphino)-2-(phosphino)benzene, c.
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Figure 4.11. 1H NMR spectrum of 1-(ethylphosphino)-2-(phosphino)benzene, c.

Figure 4.12. 31P{1H} NMR spectrum of 1,2-bis(dichlorophosphino)benzene, f.
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Figure 4.13. 31P{1H} NMR spectrum of 1-(diethylphosphino)-2-iodobenzene, i1.

Figure 4.14. 1H NMR spectrum of 1-(diethylphosphino)-2-iodobenzene, i1.

Figure 4.15. 13C{1H} NMR spectrum of 1-(diethylphosphino)-2-iodobenzene, i1.
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Figure 4.16. 31P{1H} NMR spectrum of 1-(diethylphosphino)-2-bromobenzene, i2.

Figure 4.17. 1H NMR spectrum of 1-(diethylphosphino)-2-bromobenzene, i2.
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Figure 4.18. 13C{1H} NMR spectrum of 1-(diethylphosphino)-2-bromobenzene, i2.

Figure 4.19. 31P{1H} NMR spectrum of 1-(diethylphosphino)-2-fluorobenzene, i3.
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Figure 4.20. 1H NMR spectrum of 1-(diethylphosphino)-2-fluorobenzene, i3.

Figure 4.21. 13C{1H} NMR spectrum of 1-(diethylphosphino)-2-fluorobenzene, i3.
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Figure 4.22. 31P{1H} NMR spectrum of bis(o-phenylenediethylphosphino)phenylphosphine, j.

Figure 4.23. 1H NMR spectrum of bis(o-phenylenediethylphosphino)phenylphosphine, j.
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Figure 4.24. 13C{1H} NMR spectrum of bis(o-phenylenediethylphosphino)phenylphosphine, j.

Figure 4.25. 31P{1H} NMR spectrum of methylenebis(trimethylsilylphenylphosphine),
h′.
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Figure 4.26. 31P{1H} NMR spectrum of 1-(diethylphosphino)-2-iodobenzene-borane,
i1◊BH3.

Figure 4.27. 1H NMR spectrum of 1-(diethylphosphino)-2-iodobenzene-borane,
i1◊BH3.
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Figure 4.28. 31P{1H} NMR spectrum of 1-(diethylphosphino)-2-bromobenzene-borane,
i2◊BH3.

Figure 4.29. 1H NMR spectrum of 1-(diethylphosphino)-2-bromobenzene-borane,
i2◊BH3.
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Figure 4.30. 31P{1H} NMR spectrum of, rac,meso-Cl(Ph)PCH2P(Ph)Cl, n.

Figure 4.31. 1H NMR spectrum of rac,meso-Cl(Ph)PCH2P(Ph)Cl, n.
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Figure 4.32. 13C{1H} NMR spectrum of rac,meso-Cl(Ph)PCH2P(Ph)Cl, n.

Figure 4.33. 31P{1H} NMR spectrum of rac,meso-et,ph-P4-Ph.
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Figure 4.34. 1H NMR spectrum of rac,meso-et,ph-P4-Ph. Peaks marked with a star
are due to EtOH, which is present as a solvent of crystallization.

Figure 4.35. 31P{1H} NMR spectrum of meso-Ni2Cl4(et,ph-P4-Ph) and
[meso-Ni2Cl2(μ-CO)(et,ph-P4-Ph)]+.
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Figure 4.36. 1H NMR spectrum of rac,meso-Ni2Cl4(et,ph-P4-Ph).

Figure 4.37. 13C{1H} NMR spectrum of rac,meso-Ni2Cl4(et,ph-P4-Ph).
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Figure 4.38. 31P{1H} NMR spectrum of [rac,meso-Rh2(nbd)2(et,ph-P4-Ph)](BF4)2.
4.4.

Catalytic Runs

4.4.1. General

All solvents and chemicals were purchased from Aldrich and used without further
purification (aside from degassing) unless otherwise noted. Rh(acac)(CO)2 was donated by
Celanese, [Rh(nbd)2](BF4) and [rac-Rh2(nbd)2(et,ph-P4)](BF4)2were prepared according
to the procedure described in section 4.2.7, and the purity was checked by 1H NMR
spectroscopy. PPh3 and PEt3 ligands were purchased from Aldrich. All procedures were
performed under inert atmosphere of nitrogen gas unless noted otherwise.
4.4.2. Catalytic Experiments (Table 2.1 and Table 2.2)

Catalytic experiments were performed in 150 mL stainless steel autoclaves from
Parr and operated by Parr 4850 controllers (Figure 4.37).
The autoclaves were loaded under inert atmosphere with 1.0 mM catalyst, 80 mL
solvent (75 mL of acetone and 5.0 mL of toluene as an internal standard). PPh3 (0.5 to 400
equiv.) was then added, and in the case of monometallic catalysts (Table 3.2, entries 3-6
and 9-10), PEt3 (1.1 or 2.2 equiv. to compensate for its volatility and sensitivity to oxygen)
was also added. The autoclaves were then purged three times with 1:1 H2/CO, closed, and
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the catalyst solution soaked with stirring (1000 rpm) for 20 min under 45 psig 1:1 H2/CO as
the temperature was progressively increased to 90 oC.

Figure 4.39. Autoclave set-up for hydroformylation runs.

After 20 min, the pressure of the reaction vessel was decreased to ~45 psig and
1000 equivalents (1.0 M) of 1-hexene (99+%, passed through a neutral alumina column
immediately prior to use in order to remove peroxides, 8.9 μ 10-2 mol, 11.2 mL) were
pressure added to the autoclave by 90 psig of H2/CO. The progress of the reaction was
monitored by gas uptake from the higher pressure gas storage reservoir connected to a twostage regulator delivering synthesis gas at a constant pressure of 90 psig to the reaction

205

vessel (see Figure 4.37). Pressures in the autoclave and gas storage reservoir were
monitored by electronic pressure transducers. Reaction conditions (pressure of autoclave
and reservoir, temperature of autoclave and reservoir, and time) were monitored and logged
by the Parr 4850 controller during the entire length of the catalytic run, transferred to a PC,
and analyzed using Microsoft Excel. Data was typically collected every 1 min during a run.
The equations used in the calculations of TON (turnover number) and TOF
(turnover frequency) were derived as follows.
The turnover number (TON) is defined by Equation 4.1:
TON =

n Aldehyde
n Catalyst

(Equation 4.1)

where nAldehyde is the number of mol of aldehyde produced, and nCatalyst is the number of mol
of catalyst used.
The ideal gas law can be applied to nAldeyde, which gives us Equation 4.2:
n Aldehyde =

ΔPV
RT

(Equation 4.2)

where ΔP is the pressure differential in the reaction gas reservoir (in bar, 14.7 psig = 1 bar),
V is the volume of the reaction gas reservoir (0.322 L), R is the ideal gas constant (R =
0.0821 bar.dm3.K-1.mol-1), and T is the temperature in the reaction gas reservoir (in
Kelvin).
The number of mole of catalyst, nCatalyst, is defined as follows (Equation 4.3):

n Catalyst =

m Catalyst
MWCatalyst

(Equation 4.3)

Thus, Equation 4.1 can be rewritten as follows (Equation 4.4):
TON =

ΔPV × MWCatalyst
RT × m Catalyst
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(Equation 4.4)

Finally, the turnover frequency (TOF) can be defined as follows (Equation 4.5):
TOF =

TON ΔPV × MWCatalyst
=
t
RT × m Catalyst × t

(Equation 4.5)

where t is the time (in min or h) elapsed between the start of the catalytic run and the time
of the data collection.
Products were analyzed using a Hewlett Packard 5890 Series II Gas Chromatograph
equipped with a DB-1 capillary column for calculation of final conversion, regioselectivity,
isomerization, and hydrogenation. Chromatography data was collected using National
Instruments Virtual Bench software, converted to usable format using Microsoft Excel, and
analyzed using GRAMS 32 version 5 by Galactic Software. Further confirmation of
reactant and product characterization was performed on a Hewlett Packard 5890 Series II
Gas Chromatograph/Mass Spectrometer equipped with a DB-5 capillary column as well as
1

H NMR spectroscopy on a Bruker DPX-250 spectrometer (250 MHz). Occasional blank

autoclave runs confirm that no impurities or deposits inside the autoclave were causing any
competing catalytic reactions.
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APPENDIX A: X-RAY CRYSTALLOGRAPHY DATA
A.1.

General

Suitable crystals were mounted on glass fibers under a stream of cold (i.e., typically
100 K) nitrogen gas. Data collection was performed on a Nonius KappaCCD difractometer
using Mo Kα radiation (λ = 0.71073 Å) and a graphite crystal monochromator. Structure
solution was done using SIR97 or SHELXS, and refinement was carried out using
SHELXL.
A.2.

X-Ray Structure Report for 1,2-bis(dimethoxyphosphoryl)benzene, a1

Figure A.1. ORTEP plot of 1,2-bis(dimethoxyphosphoryl)benzene, a1.
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A.2.1. Crystal Data

Mo Kα radiation
λ = 0.71073 Å
Cell parameters from 4160 refelctions
θ = 2.5-30.5o
μ = 0.337 mm-1
T = 180 K
Fragment
Colorless
0.30 ä 0.25 ä 0.22 mm
Crystal source: local laboratory

C10H16O6P2
Mr = 294.17
Monoclinic
P21/c
a = 11.118 (2) Å
b = 8.299 (2) Å
c = 14.872 (3) Å
β = 99.139 (1)o
V = 1354.8 (5) Å3
Z=4
Dx = 1.442 Mg.m-3
Dm not measured
A.2.2. Data Collection

KappaCCD (with Oxford Cryostream) diffractometer
ω scans with κ offsets
Absorption correction:
multi-scan HKL Scalepack (Otwinowski &
Minor 1997)
Tmin = 0.872, Tmax = 0.929
25268 measured reflections
4088 independent reflections

3026 reflections with
I > 2σ(I)
Rint = 0.027
θmax = 30.5o
h = -15 Ø 15
k = -11 Ø 10
l = -21 Ø 21
intensity decay: < 2%

A.2.3. Refinement

(Δ/σ)max = 0.000
Δρmax = 0.34 e Å -3
Δρmin = -0.35 e Å -3
Extinction correction: SHELXL
Extinction coefficient: 0.0050 (8)
Scattering factors from International
Tables for Crystallography (Vol. C)

Refinement on F2
R[F2 > 2σ(F2)] = 0.039
wR(F2) = 0.105
S = 1.028
4088 reflections
168 parameters
H-atom parameters constrained
w = 1/[ σ2(Fo2) + (0.0413P)2 + 0.7250P]
where P = (Fo2 + 2Fc2)/3

Table A.1. Fractional atomic coordinates and equivalent isotropic displacement
parameters (Å2) for compound a1.
Ueq = (1/3)SiSjUijaiajai.aj.

P1

x
0.24828 (4)

y
0.53132 (5)
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Z
0.41838 (3)

Ueq
0.02154 (11)

P2
O1
O2
O3
O4
O5
O6
C1
C2
C3
H3
C4
H4
C5
H5
C6
H6
C7
H7A
H7B
H7C
C8
H8A
H8B
H8C
C9
H9A
H9B
H9C
C10
H10A
H10B
H10C

0.24776 (4)
0.28546 (12)
0.11298 (11)
0.32421 (11)
0.20709 (14)
0.38164 (11)
0.17099 (11)
0.25467 (14)
0.25118 (15)
0.25435 (16)
0.2521
0.26069 (18)
0.2629
0.26380 (17)
0.2680
0.26077 (16)
0.2629
0.0617 (2)
0.0631
-0.0226
0.1097
0.45576 (17)
0.4794
0.4886
0.4883
0.4206 (2)
0.4392
0.4937
0.3556
0.04046 (18)
0.0201
0.0099
0.0027

0.50672 (5)
0.49835 (15)
0.58958 (16)
0.66982 (13)
0.45534 (18)
0.57170 (16)
0.65026 (14)
0.35318 (18)
0.34278 (18)
0.1899 (2)
0.1815
0.0509 (2)
-0.0515
0.0612 (2)
-0.0340
0.2109 (2)
0.2168
0.7046 (3)
0.6598
0.7281
0.8041
0.6686 (3)
0.6612
0.7681
0.5757
0.6975 (3)
0.6512
0.7493
0.7776
0.6519 (3)
0.6143
0.7618
0.5805

0.17467 (3)
0.51590 (8)
0.39051 (8)
0.38103 (8)
0.08045 (8)
0.19641 (8)
0.20496 (8)
0.35012 (10)
0.25432 (10)
0.21470 (12)
0.1508
0.26688 (14)
0.2386
0.35985 (14)
0.3957
0.40079 (12)
0.4648
0.44620 (17)
0.5073
0.4189
0.4503
0.40358 (14)
0.4698
0.3816
0.3746
0.14111 (18)
0.0842
0.1742
0.1272
0.17790 (14)
0.1148
0.1825
0.2180

0.02372 (12)
0.0321 (3)
0.0297 (3)
0.0261 (3)
0.0404 (3)
0.0327 (3)
0.0271 (3)
0.0203 (3)
0.0214 (3)
0.0291 (4)
0.035
0.0356 (4)
0.043
0.0335 (4)
0.040
0.0264 (3)
0.032
0.0544 (6)
0.082
0.082
0.082
0.0375 (4)
0.056
0.056
0.056
0.0558 (7)
0.084
0.084
0.084
0.0485 (6)
0.073
0.073
0.073

Table A.2. Anisotropic displacement parameters (Å2) for compound a1.

P1

U11
0.0243 (2)

U22
0.0204 (2)

U33
0.0198 (2)

P2

0.0252 (2)

0.0270 (2)

0.0200 (2)

O1
O2
O3
O4

0.0415 (8)
0.0254 (6)
0.0272 (6)
0.0533 (9)

0.0336 (7)
0.0358 (7)
0.0190 (5)
0.0467 (8)

0.0199 (6)
0.0286 (6)
0.0317 (6)
0.0212 (6)
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U12
0.00208
(16)
0.00280
(17)
0.0015 (6)
0.0072 (5)
-0.0014 (5)
0.0064 (7)

U13
0.00327
(15)
0.00659
(15)
0.0008 (5)
0.0064 (5)
0.0032 (5)
0.0058 (6)

U23
-0.00115 (14)

0.00185 (15)
-0.0012 (5)
-0.0059 (5)
-0.0002 (4)
-0.0015 (5)

O5
O6
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10

0.0248 (6)
0.0252 (6)
0.0206 (8)
0.0216 (8)
0.0302 (9)
0.0345 (10)
0.0322 (10)
0.0265 (9)
0.0429 (13)
0.0272 (10)
0.0360 (12)
0.0258 (10)

0.0372 (7)
0.0278 (6)
0.0180 (7)
0.0196 (7)
0.0252 (8)
0.0193 (8)
0.0180 (8)
0.0226 (8)
0.0494 (14)
0.0415 (11)
0.0579 (14)
0.0799 (17)

0.0380 (7)
0.0289 (6)
0.0229 (7)
0.0237 (7)
0.0333 (9)
0.0540 (12)
0.0514 (11)
0.0307 (8)
0.0734 (16)
0.0431 (10)
0.0768 (16)
0.0396 (11)

0.0015 (5)
0.0056 (5)
-0.0001 (6)
0.0001 (6)
-0.0011 (7)
-0.0018 (7)
0.0012 (7)
-0.0001 (7)
0.0138 (11)
-0.0073 (8)
0.0005 (10)
0.0160 (10)

0.0103 (5)
0.0060 (5)
0.0058 (6)
0.0058 (6)
0.0092 (7)
0.0102 (8)
0.0097 (8)
0.0066 (6)
0.0167 (11)
0.0033 (8)
0.0194 (11)
0.0048 (8)

0.0156 (6)
0.0024 (5)
-0.0003 (5)
-0.0009 (6)
-0.0090 (7)
-0.0102 (8)
0.0064 (7)
0.0052 (6)
-0.0242 (12)
-0.0023 (8)
0.0408 (13)
0.0035 (11)

Table A.3. Selected geometric parameters (Å, o) for compound a1.

P1-O1
P1-O2
P1-O3
P1-C1
P2-O4
P2-O5
P2-O6
P2-C2
O2-C7
O3-C8
O5-C9
O6-C10
C1-C6
C1-C2
C2-C3
C3-C4
C3-H3
O1-P1-O2
O1-P1-O3
O2-P1-O3
O1-P1-C1
O2-P1-C1
O3-P1-C1
O4-P2-O5
O4-P2-O6

1.4693 (12)
1.5716 (13)
1.5783 (12)
1.8012 (15)
1.4658 (13)
1.5678 (13)
1.5725 (12)
1.8004 (16)
1.439 (2)
1.448 (2)
1.438 (2)
1.443 (2)
1.397 (2)
1.422 (2)
1.401 (2)
1.386 (3)
0.9500
115.15 (7)
113.62 (7)
103.07 (7)
111.92 (7)
103.04 (7)
109.16 (7)
115.84 (8)
113.28 (8)
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C4-C5
C-H4
C5-C6
C5-H5
C6-H6
C7-H7A
C7-H7B
C7-H7C
C8-H8A
C8-H8B
C8-H8C
C9-H9A
C9-H9B
C9-H9C
C10-H10A
C10-H10B
C10-H10C
C4-C5-H5
C6-C5-H5
C5-C6-C1
C5-C6-H6
C1-C6-H6
O2-C7-H7A
O2-C7-H7B
H7A-C7-H7B

1.380 (3)
0.9500
1.386 (2)
0.9500
0.9500
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
120.1
120.1
121.55 (16)
119.2
119.2
109.5
109.5
109.5

O5-P2-O6
O4-P2-C2
O5-P2-C2
O6-P2-C2
C7-O2-P1
C8-O3-P1
C9-O5-P2
C10-O6-P2
C6-C1-C2
C6-C1-P1
C2-C1-P1
C3-C2-C1
C3-C2-P2
C1-C2-P2
C4-C3-C2
C4-C3-H3
C2-C3-H3
C5-C4-C3
C5-C4-H4
C3-C4-H4
C4-C5-C6
O1-P1-O2-C7
O3-P1-O2-C7
C1-P1-O2-C7
O1-P1-O3-C8
O2-P1-O3-C8
C1-P1-O3-C8
O4-P2-O5-C9
O6-P2O-C9
C2-P2-O5-C9
O4-P2-O6-C10
O5-P2-O6-C10
C2-P2-O6-C10
O1-P1-C1-C6
O2-P1-C1-C6
O3-P1-C1-C6
O1-P1-C1-C2
O2-P1-C1-C2
O3-P1-C1-C2

102.77 (7)
112.35 (8)
101.78 (7)
109.85 (7)
120.15 (13)
119.37 (11)
119.64 (13)
119.64 (13)
118.73 (14)
113.13 (12)
128.13 (11)
118.54 (14)
113.99 (12)
127.44 (11)
121.37 (16)
119.3
119.3
120.02 (16)
120.0
120.0
119.79 (16)
41.86 (18)
-82.43 (16)
164.01 (16)
47.24 (14)
172.53 (12)
-78.44 (13)
52.53 (18)
-71.52 (17)
174.71 (16)
40.92 (15)
166.65 (13)
-85.63 (14)
16.35 (15)
-107.95 (13)
143.00 (12)
-165.34 (14)
70.36 (16)
-38.68 (16)
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O2-C7-H7C
H7A-C7-H7C
H7B-C7-H7C
O3-C8-H8A
O3-C8-H8B
H8A-C8-H8B
O3-C8-H8C
H8A-C8-H8C
H8B-C8-H8C
O5-C9-H9A
O5-C9-H9B
H9A-C9-H9B
O5-C9-H9C
H9A-C9-H9C
H9B-C9-H9C
O6-C10-H10A
O6-C10-H10B
H10A-C10-H10B
O6-C10-H10C
H10A-C10-H10C
H10B-C10-H10C
C6-C1-C2-C3
P1-C1-C2-C3
C6-C1-C2-P2
P1-C1-C2-P2
O4-P2-C2-C3
O5-P2-C2-C3
O6-P2-C2-C3
O4-P2-C2-C1
O5-P2-C2-C1
O6-P2-C2-C1
C1-C2-C3-C4
P2-C2-C3-C4
C2-C3-C4-C5
C3-C4-C5-C6
C4-C5-C6-C1
C2-C1-C6-C5
P1-C1-C6-C5

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
-0.2 (2)
-178.41 (13)
-178.03 (13)
3.7 (2)
19.74 (16)
-104.81 (13)
146.81 (12)
-162.32 (14)
73.13 (16)
-35.25 (16)
0.0 (3)
178.17 (15)
0.1 (3)
-0.1 (3)
0.0 (3)
0.2 (3)
178.67 (14)

A.3.

X-Ray Structure Report for Bis(o-phenylenediethylphosphino)phenylphosphine, j

Figure A.2. ORTEP plot of bis(o-phenylenediethylphosphino)-phenylphosphine, j.
A.3.1. Crystal Data

C26H33P3
Mr = 438.43
Monoclinic
P21/c
a = 12.076 (2) Å
b = 12.713 (2) Å
c = 16.896 (3) Å
β = 110.723 (10)o
V = 2426.1 (7) Å3
Z=4
Dx = 1.200 Mg.m-3
Dm not measured

Mo Kα radiation
λ = 0.71073 Å
Cell parameters from 7234 refelctions
θ = 2.5-30.0o
μ = 0.225 mm-1
T = 90 K
Plate fragment
Colorless
0.30 μ 0.27 μ 0.17 mm
Crystal source: local laboratory

A.3.2. Data Collection

KappaCCD (with Oxford Cryostream) diffractometer
214

5983 reflections with
I > 2σ(I)

ω scans with κ offsets
Absorption correction:
multi-scan HKL Scalepack (Otwinowski &
Minor 1997)
Tmin = 0.927, Tmax = 0.958
55988 measured reflections
7064 independent reflections

Rint = 0.023
θmax = 30.0o
h = -16 Ø 16
k = -17 Ø 17
l = -23 Ø 23
intensity decay: < 2%

A.3.3. Refinement
w = 1/[σ2(Fo2) + (0.0657P)2 + 5.1907P
where P = (Fo2 + 2 Fc2)/3
(Δ/σ)max = 0.001
Δρmax = 1.72 e Å -3
Δρmin = -1.99 e Å -3
Extinction correction: none
Scattering factors from International
Tables for Crystallography (Vol. C)

Refinement on F2
R[F2 > 2σ(F2)] = 0.071
wR(F2) = 0.179
S = 1.078
7064 reflections
269 parameters
H-atom parameters constrained

Table A.4. Fractional atomic coordinates and equivalent isotropic displacement
parameters (Å2) for compound j.
Ueq = (1/3)SiSjUijaiajai.aj.

P1
P2
P3
P3A
C1
C2
C3
H3
C4
H4
C5
H5
C6
H6
C7
C8
C9
H9
C10
H10

Occupancy
1
1
0.58
0.42
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

x
y
0.36021 (6)
0.22971 (4)
0.40119 (6)
0.41735 (5)
0.06958 (14) 0.18191 (12)
0.09459 (16) 0.21073 (17)
0.3464 (2) 0.20238 (17)
0.3613 (2) 0.28631 (18)
0.3482 (2)
0.2669 (2)
0.3562
0.3234
0.3235 (2)
0.1662 (2)
0.3154
0.1543
0.3109 (2) 0.08374 (19)
0.2952
0.0148
0.3213 (2) 0.10188 (18)
0.3112
0.0452
0.3065 (2) 0.10514 (18)
0.1837 (3)
0.0928 (2)
0.1425 (3)
0.0032 (2)
0.0598
-0.0062
0.2204 (2) -0.07199 (19)
0.1911
-0.1311
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Ueq
z
0.40381 (4) 0.02041 (15)
0.53551 (4) 0.02241 (15)
0.32313 (9)
0.0271 (3)
0.29914 (15)
0.0297 (4)
0.50731 (14)
0.0186 (4)
0.56451 (14)
0.0198 (4)
0.64237 (15)
0.0241 (5)
0.6808
0.029
0.66449 (15)
0.0254 (5)
0.7177
0.030
0.60831 (16)
0.0238 (5)
0.6233
0.029
0.52999 (15)
0.0210 (4)
0.4914
0.025
0.34592 (14)
0.0212 (5)
0.30279 (17)
0.0342 (7)
0.25260 (18)
0.0357 (7)
0.2244
0.043
0.24340 (16)
0.0256 (5)
0.2077
0.031

C11
H11
C12
H12
C13
C14
H14
C15
H15
C16
H16
C17
H17
C18
H18
C19
H19A
H19B
C20
H20A
H20B
H20C
C21
H21A
H21B
C22
H22A
H22B
H22C
C23
H23A
H23B
C24
H24A
H24B
H24C
C25
H25A
H25B
C26
H26A
H26B
H26C

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56

0.3405 (2) -0.06069 (18)
0.3940
-0.1126
0.3830 (2) 0.02722 (18)
0.4657
0.0341
0.5208 (2) 0.21469 (17)
0.5661 (3)
0.2326 (2)
0.5139
0.2525
0.6857 (3)
0.2218 (2)
0.7146
0.2324
0.7640 (3)
0.1954 (2)
0.8463
0.1885
0.7204 (2)
0.1794 (2)
0.7731
0.1620
0.6000 (2) 0.18859 (19)
0.5712
0.1769
0.5076 (2)
0.4651 (2)
0.5218
0.5411
0.4723
0.4564
0.6256 (3)
0.4071 (2)
0.6136
0.3334
0.6813
0.4402
0.6578
0.4102
0.2688 (3)
0.4931 (2)
0.2558
0.4840
0.2833
0.5688
0.1574 (3)
0.4590 (2)
0.1713
0.4642
0.0913
0.5050
0.1381
0.3862
-0.0224 (4)
0.2042 (5)
-0.0540
0.1360
-0.0904
1/4
0.0495 (6)
0.2552 (6)
-0.0010
0.2649
0.1165
0.2097
0.0792
0.3237
-0.0398 (4)
0.0928 (4)
-0.1116
0.1337
-0.0632
0.0370
0.0075 (6)
0.0414 (5)
-0.0534
-0.0045
0.0285
0.0960
0.0779
-0.0003
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0.28635 (15)
0.2810
0.33760 (14)
0.3674
0.43018 (14)
0.36576 (15)
0.3111
0.38049 (17)
0.3356
0.46090 (18)
0.4712
0.52564 (17)
0.5808
0.51035 (15)
0.5552
0.63763 (15)
0.6327
0.6820
0.66471 (17)
0.6769
0.7156
0.6190
0.53183 (17)
0.5861
0.5255
0.4592 (2)
0.4056
0.4572
0.4681
0.2080 (2)
0.1813
0.2041
0.1597 (3)
0.1004
0.1629
0.1850
0.3447 (3)
0.3399
0.3010
0.4316 (3)
0.4387
0.4753
0.4366

0.0215 (4)
0.026
0.0191 (4)
0.023
0.0209 (4)
0.0264 (5)
0.032
0.0301 (6)
0.036
0.0303 (5)
0.036
0.0284 (5)
0.034
0.0236 (5)
0.028
0.0260 (5)
0.031
0.031
0.0313 (6)
0.047
0.047
0.047
0.0310 (6)
0.037
0.037
0.0377 (7)
0.057
0.057
0.057
0.0380 (7)
0.046
0.046
0.0495 (9)
0.074
0.074
0.074
0.0380 (7)
0.046
0.046
0.0495 (9)
0.074
0.074
0.074

C23A
H23C
H23D
C24A
H24D
H24E
H24F
C25A
H25C
H25D
C26A
H26D
H26E
H26F
C25B
H25E
H25F
C26B
H26G

0.44
0.44
0.44
0.44
0.44
0.44
0.44
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.25
0.25
0.25
0.25
0.25

0.0614 (7)
0.0012
0.1347
0.0198 (8)
0.0069
-0.0547
0.0790
-0.0428 (9)
-0.1090
-0.0617
-0.034 (2)
-0.1086
-0.0161
0.0302
0.0263 (11)
-0.0380
0.0864
-0.0227 (18)
-0.0573

0.2846 (5)
0.3392
0.3208
0.2151 (7)
0.2585
0.1814
0.1609
0.1317 (11)
0.1801
0.0954
0.055 (2)
0.0170
0.0907
0.0057
0.1680 (9)
0.2194
0.1757
0.0559 (13)
0.0391

0.2006 (3)
0.1964
0.2020
0.1214 (3)
0.0710
0.1179
0.1246
0.2793 (9)
0.2748
0.2242
0.3513 (13)
0.3369
0.4059
0.3550
0.3754 (6)
0.3687
0.4329
0.3616 (11)
0.4046

0.0380 (7)
0.046
0.046
0.0495 (9)
0.074
0.074
0.074
0.0380 (7)
0.046
0.046
0.0495 (9)
0.074
0.074
0.074
0.0380 (7)
0.046
0.046
0.0495 (9)
0.074

H26H
H26I

0.25
0.25

0.0415
-0.0838

0.0064
0.0503

0.3663
0.3052

0.074
0.074

Table A.5. Anisotropic displacement parameters (Å2) for compound j.

P1
P2

U11
0.0323 (3)
0.0376 (4)

U22
0.0135 (3)
0.0146 (3)

U33
0.0128 (2)
0.0170 (3)

P3
P3A
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12
C13

0.0246 (7)
0.0131 (8)
0.0228 (10)
0.0256 (11)
0.0317 (12)
0.0281 (12)
0.0228 (11)
0.0234 (11)
0.0288 (12)
0.0301 (13)
0.0302 (13)
0.0329 (13)
0.0295 (12)
0.0234 (11)
0.0316 (12)

0.0268 (7)
0.0279 (10)
0.0149 (9)
0.0169 (10)
0.0241 (11)
0.0295 (12)
0.0206 (11)
0.0160 (10)
0.0163 (10)
0.0303 (13)
0.0340 (14)
0.0204 (11)
0.0160 (10)
0.0171 (10)
0.0137 (9)

0.0256 (7)
0.0411 (12)
0.0147 (9)
0.0165 (9)
0.0174 (10)
0.0185 (10)
0.0251 (11)
0.0194 (10)
0.0135 (9)
0.0272 (12)
0.0304 (13)
0.0223 (11)
0.0239 (11)
0.0189 (10)
0.0164 (10)
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U12
0.0035 (2)

U13
0.0047 (2)
0.0122 (2)

-0.0054 (2)
0.0091 (5)
0.0034 (5)
0.0039 (7)
0.0010 (7)
-0.0004 (8)
0.0024 (8)
-0.0039 (8)
0.0069 (8)
-0.0071 (10)
0.0097 (9)
-0.0070 (10)
0.0081 (9)
-0.0047 (9)
0.0048 (9)
-0.0021 (8)
0.0026 (8)
0.0050 (9)
0.0014 (8)
0.0146 (11) -0.0083 (10)
0.0087 (11) -0.0048 (11)
0.0009 (10) 0.0084 (10)
0.0004 (9)
0.0154 (9)
0.0017 (8)
0.0101 (8)
0.0071
(9)
-0.0016 (8)

U23
0.00033 (19)

-0.0024 (2)
-0.0051 (5)
-0.0159 (8)
0.0006 (7)
-0.0003 (8)
-0.0016 (8)
0.0041 (9)
0.0058 (9)
0.0015 (8)
-0.0014 (7)
-0.0137 (10)
-0.0150 (11)
-0.0064 (9)
-0.0015 (8)
0.0014 (8)
0.0000 (7)

C14
C15
C16
C17
C18
C19

0.0385 (14)
0.0428 (15)
0.0352 (14)
0.0324 (13)
0.0332 (13)
0.0374 (14)

0.0220 (11)
0.0248 (12)
0.0242 (12)
0.0272 (12)
0.0202 (10)
0.0215 (11)

C20
C21
C22

0.0358 (14)
0.0446 (16)
0.0395 (16)

0.0306 (13)
0.0205 (11)
0.0326 (14)

0.0190 (10) -0.0090 (10)
0.0284 (12) -0.0114 (11)
0.0344 (14) -0.0037 (10)
0.0250 (12) 0.0032 (10)
0.0181 (10)
0.0031 (9)

0.0107 (10)
0.0196 (11)
0.0157 (11)
0.0094 (10)
0.0099 (9)

0.0012 (8)
-0.0019 (10)
-0.0021 (10)
0.0015 (10)
0.0014 (8)

0.0209 (11) -0.0109 (10)
0.0268 (12) -0.0075 (11)
0.0270 (12) 0.0031 (11)
0.0371 (15) 0.0046 (12)

0.0127 (10)
0.0102 (11)
0.0116 (11)
0.0089 (13)

-0.0066 (9)
-0.0027 (10)
-0.0017 (9)
-0.0015 (12)

Table A.6. Selected geometric parameters (Å, o) for compound j.

P1-C13
P1-C1
P2-C21
P2-C19
P3-P3A
P3-C25
P3-C23
P3-C8
P3A-C23A
P3A-C8
P3A-C25B
P3A-C25A
C1-C6
C1-C2
C2-C3
C3-C4
C3-H3
C4-C5
C4-H4
C5-C6
C5-H5
C6-H6
C7-C12
C7-C8
C8-C9
C9-C10
C9-H9
C10-C11
C10-H10
C11-C12

1.840 (3)
1.847 (2)
1.848 (3)
1.851 (3)
0.690 (2)
1.872 (4)
1.889 (4)
1.907 (3)
1.828 (4)
1.834 (3)
1.841 (5)
1.865 (5)
1.398 (3)
1.408 (3)
1.401 (3)
1.395 (3)
0.9500
1.386 (4)
0.9500
1.392 (3)
0.9500
0.9500
1.395 (3)
1.411 (4)
1.402 (4)
1.388 (4)
0.9500
1.381 (4)
0.9500
1.396 (3)

P1-C7
P2-C2
C17-H17
C18-H18
C19-C20
C19-H19A
C19-H19B
C20-H20A
C20-H20B
C20-H20C
C21-C22
C21-H21A
C21-H21B
C22-H22A
C22-H22B
C22-H22C
C23-C24
C23-H23A
C23-H23B
C24-H24A
C24-H24B
C24-H24C
C25-C26
C25-H25A
C25-H25B
C26-H26A
C26-H26B
C26-H26C
C23A-C24A
C23A-H23C
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1.854 (2)
1.848 (2)
0.9500
0.9500
1.525 (4)
0.9900
0.9900
0.9800
0.9800
0.9800
1.529 (4)
0.9900
0.9900
0.9800
0.9800
0.9800
1.530 (4)
0.9900
0.9900
0.9800
0.9800
0.9800
1.521 (4)
0.9900
0.9900
0.9800
0.9800
0.9800
1.532 (5)
0.9900

C11-H11
C12-H12
C13-C18
C13-C14
C14-C15
C14-H14
C15-C16
C15-H15
C16-C17
C16-H16
C17-C18
C25B-H25E
C25B-H25F
C26B-H26G
C13-P1-C1
C13-P1-C7
C1-P1-C7
C2-P2-C21
C2-P2-C19
C21-P2-C19
C25B-P3-C8
C25A-P3-C8
C25-P3-C8
C23-P3-C8
C8-P3-C26B
C8-P3-C26A
C23A-P3A-C8
C8-P3A-C25B
C23A-P3A-C25A
C8-P3A-C25A
C6-C1-C2
C6-C1-P1
C2-C1-P1
C3-C2-C1
C3-C2-P2
C1-C2-P2
C4-C3-C2
C4-C3-H3
C2-C3-H3
C5-C4-C3
C5-C4-H4
C3-C4-H4
C4-C5-C6

0.9500
0.9500
1.394 (3)
1.399 (3)
1.383 (4)
0.9500
1.394 (4)
0.9500
1.387 (4)
0.9500
1.388 (4)
0.9900
0.9900
0.9800
101.04 (10)
100.43 (11)
101.94 (10)
100.10 (12)
102.04 (11)
99.62 (12)
125.6 (6)
104.6 (7)
106.3 (2)
95.9 (2)
95.5 (6)
96.1 (9)
112.8 (3)
97.9 (4)
102.6 (5)
92.3 (5)
119.5 (2)
122.18 (17)
118.35 (17)
118.8 (2)
122.28 (18)
118.90 (17)
121.2 (2)
119.4
119.4
119.5 (2)
120.2
120.2
120.0 (2)
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C23A-H23D
C24A-H24D
C24A-H24E
C24A-H24F
C25A-C26A
C25A-H25C
C25A-H25D
C26A-H26D
C26A-H26E
C26A-H26F
C25B-C26B
C26B-H26H
C26B-H26I

0.9900
0.9800
0.9800
0.9800
1.530 (5)
0.9900
0.9900
0.9800
0.9800
0.9800
1.530 (5)
0.9800
0.9800

C8-C7-P1
C9-C8-C7
C9-C8-P3A
C7-C8-P3A
C9-C8-P3
C7-C8-P3
P3A-C8-P3
C10-C9-C8
C10-C9-H9
C8-C9-H9
C11-C10-C9
C11-C10-H10
C9-C10-H10
C10-C11-C12
C10-C11-H11
C12-C11-H11
C7-C12-C11
C7-C12-H12
C11-C12-H12
C18-C13-C14
C18-C13-P1
C14-C13-P1
C15-C14-C13
C15-C14-H14
C13-C14-H14
C14-C15-C16
C14-C15-H15
C16-C15-H15
C17-C16-C15

118.37 (18)
119.1 (2)
124.4 (2)
115.1 (2)
117.8 (2)
122.38 (19)
21.15 (7)
121.2 (3)
119.4
119.4
119.8 (2)
120.1
120.1
119.8 (2)
120.1
120.1
121.3 (2)
119.4
119.4
118.2 (2)
124.20 (19)
117.60 (18)
121.0 (2)
119.5
119.5
120.3 (2)
119.8
119.8
119.2 (3)

C4-C5-H5
C6-C5-H5
C5-C6-C1
C5-C6-H6
C1-C6-H6
C12-C7-C8
C12-C7-P1
C13-C18-H18
C20-C19-P2
C20-C19-H19A
P2-C19-H19A
C20-C19-H19B
P2-C19-H19B
H19A-C19-H19B
C19-C20-H20A
C19-C20-H20B
H20A-C20-H20B
C19-C20-H20C
H20A-C20-H20C
H20B-C20-H20C
C22-C21-P2
C22-C21-H21A
P2-C21-H21A
C22-C21-H21B
P2-C21-H21B
H21A-C21-H21B
C21-C22-H22A
C21-C22-H22B
H22A-C22-H22B
C21-C22-H22C
H22A-C22-H22C
H22B-C22-H22C
C24-C23-P3A
C24-C23-P3
C24-C23-H23A
P3-C23-H23A
C24-C23-H23B
P3-C23-H23B
H23A-C23-H23B
C23-C24-H24A
C23-C24-H24B
H24A-C24-H24B

120.0
120.0
120.9 (2)
119.6
119.6
118.8 (2)
122.63 (19)
119.5
112.82 (18)
109.0
109.0
109.0
109.0
107.8
109.5
109.5
109.5
109.5
109.5
109.5
112.63 (19)
109.1
109.1
109.1
109.1
107.8
109.5
109.5
109.5
109.5
109.5
109.5
90.9 (3)
112.0 (3)
109.2
109.2
109.2
109.2
107.9
109.5
109.5
109.5

C17-C16-H16
C15-C16-H16
C16-C17-C18
C16-C17-H17
C18-C17-H17
C17-C18-C13
C17-C18-H18
C26-C25-H25A
P3-C25-H25A
C26-C25-H25B
P3-C25-H25B
H25A-C25-H25B
C25-C26-H26A
C25-C26-H26B
H26A-C26-H26B
C25-C26-H26C
H26A-C26-H26C
H26B-C26-H26C
C24A-C23A-H23C
P3A-C23A-H23C
C24A-C23A-H23D
P3A-C23A-H23D
H24A-C24A-H24B
C23A-C24A-H24D
H24D-C24A-H24E
C23A-C24A-H24F
H24D-C24A-H24F
H24E-C24A-H24F
P3A-C25A-H25C
H25C-C25A-H25D
H26D-C26A-H26E
H26D-C26A-H26F
H26E-C26A-H26F
P3-C25B-C26B
C26B-C25B-P3A
P3-C25B-H25E
C26B-C25B-H25E
P3-C25B-H25F
C26B-C25B-H25F
P3-C26B-H26C
H26D-C26B-H26E
C25B-C26B-H26F
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120.4
120.4
120.4 (2)
119.8
119.8
120.9 (2)
119.5
109.0
108.9
108.8
108.9
107.7
109.4
109.4
109.5
109.6
109.5
109.5
109.7
110.1
107.6
108.1
117.3
109.7
109.5
110.4
109.5
109.5
108.8
107.7
109.5
109.5
109.5
105.9 (5)
114.4 (5)
110.6
110.6
110.6
110.6
104.0
110.8
114.1

C23-C24-H24C
109.5
H24A-C24-H24C
109.5
H24B-C24-H24C
109.5
C26-C25-P3
113.4 (3)
H26G-C26B-H26I
109.5
C13-P1-C1-C6
-93.4 (2)
C7-P1-C1-C6
9.9 (2)
C13-P1-C1-C2
86.9 (2)
C7-P1-C1-C2 -169.77 (19)
C6-C1-C2-C3
1.2 (4)
P1-C1-C2-C3 178.47 (19)
C6-C1-C2-P2 177.25 (18)
P1-C1-C2-P2
-3.1 (3)
C21-P2-C2-C3
-64.8 (2)
C19-P2-C2-C3
37.4 (2)
C21-P2-C2-C1
116.8 (2)
C19-P2-C2-C1
-141.0 (2)
C1-C2-C3-C4
1.5 (4)
P2-C2-C3-C4
-176.9 (2)
C2-C3-C4-C5
-0.5 (4)
C3-C4-C5-C6
-0.8 (4)
C4-C5-C6-C1
1.1 (4)
C2-C1-C6-C5
-1 (4)
P1-C1-C6-C5 -179.72 (19)
C13-P1-C7-C12
4.3 (2)
C1-P1-C7-C12
-99.4 (2)
C13-P1-C7-C8
-170.3 (2)
C1-P1-C7-C8
86.0 (2)
C12-C7-C8-C9
-0.4 (4)
P1-C7-C8-C9
174.4 (2)
C12-C7-C8-P3A
-167.4 (2)
P1-C7-C8-P3A
7.4 (3)
C12-C7-C8-P3
169.9 (2)
P1-C7-C8-P3
-15.3 (3)
C23-P3A-C8-C9
-17.0 (4)
C23A-P3A-C8-C9
-69.3 (4)
C25B-P3A-C8-C9
86.8 (5)
C25A-P3A-C8-C9
35.4 (6)
C24-P3A-C8-C9
-59.3 (4)
C23-P3A-C8-C7
149.2 (3)
C23A-P3A-C8-C7
96.9 (3)
C25B-P3A-C8-C7
-107.0 (4)
C25A-P3A-C8-C7
-158.4 (5)
C13-C14-C15-C16
-1.7 (4)

C25B-C26B-H26G
C25B-C26B-H26H
H26G-C26B-H26H
C25B-C26B-H26I
H26H-C26B-H26I
C24-P3A-C8-C7
C23-P3A-C8-P3
C23A-P3A-C8-P3
C25B-P3A-C8-P3
C25A-P3A-C8-P3
C24-P3A-C8-P3
C25B-P3-C8-C9
C25A-P3-C8-C9
C25-P3-C8-C9
C23-P3-C8-C9
C26B-P3-C8-C9
C26A-P3-C8-C9
C25B-P3-C8-C7
C25A-P3-C8-C7
C25-P3-C8-C7
C23-P3-C8-C7
C26B-P3-C8-C7
C26A-P3-C8-C7
C25B-P3-C8-P3A
C25A-P3-C8-P3A
C25-P3-C8-P3A
C23-P3-C8-P3A
C26B-P3-C8-P3A
C26A-P3-C8-P3A
C7-C8-C9-C10
P3A-C8-C9-C10
P3-C8-C9-C10
C8-C9-C10-C11
C9-C10-C11-C12
C8-C7-C12-C11
P1-C7-C12-C11
C10-C11-C12-C7
C1-P1-C13-C18
C7-P1-C13-C18
C1-P1-C13-C14
C7-P1-C13-C14
C18-C13-C14-C15
P1-C13-C14-C15
C23-P3-C25-C26
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109.5
109.5
109.5
109.5
109.5
106.9 (3)
-95.3 (3)
-147.6 (4)
8.5 (4)
-42.9 (5)
-137.7 (3)
82.1 (8)
0.8 (6)
42.2 (3)
-55.2 (3)
49.5 (6)
44.9 (6)
88.3 (8)
-169.7 (6)
-128.3 (3)
134.4 (3)
-120.9 (5)
-125.5 (6)
-163.9 (8)
114.7 (6)
156.2 (3)
58.8 (3)
163.5 (6)
158.9 (6)
-1.3 (5)
164.4 (3)
-172.1 (2)
2.1 (5)
-1.1 (4)
1.4 (4)
-173.22 (18)
-0.6 (4)
0.3 (2)
-104.2 (2)
-178.45 (18)
77.1 (2)
1.8 (4)
-179.3 (2)
171.8 (5)

C14-C15-C16-C17
0.5 (4)
C15-C16-C17-C18
0.6 (4)
C16-C17-C18-C13
-0.4 (4)
C14-C13-C18-C17
-0.8 (4)
P1-C13-C18-C17 -179.52 (19)
C2-P2-C19-C20
71.0 (2)
C21-P2-C19-C20 173.63 (19)
C2-P2-C21-C22
-67.5 (2)
C19-P2-C21-C22
-171.7 (2)
P3-P3A-C23-C24
-172.4 (4)
C23A-P3A-C23-C24
20.8 (4)
C8-P3A-C23-C24
-85.4 (4)
C25B-P3A-C23-C24
172.9 (5)
C25A-P3A-C23-C24
-165.7 (8)
C23A-P3A-C23-P3
-166.7 (4)
C8-P3A-C23-P3
87.1 (3)
C25B-P3A-C23-P3
-14.6 (4)
C25A-P3A-C23-P3
6.7 (7)
C24-P3A-C23-P3
172.4 (4)
C25B-P3-C23-C24
161.1 (8)
C25A-P3-C23-C24 -163.4 (10)
C25-P3-C23-C24
-166.7 (5)
C8-P3-C23-C24
-59.7 (5)
C26B-P3-C23-C24
-156.9 (8)
C26A-P3-C23-C24 -156.8 (10)
C25B-P3-C23-P3A
152.9 (7)
C25A-P3-C23-P3A
-171.6 (9)
C25-P3-C23-P3A
-174.9 (4)
C8-P3-C23-P3A
-67.8 (3)
C26B-P3-C23-P3A
-165.0 (7)
C26A-P3-C23-P3A -165.0 (10)
P3-C23-C24-P3A
-2.95 (17)
C23A-P3A-C24-C23 -109.4 (12)
C8-P3A-C24-C23
104.5 (4)
C25B-P3A-C24-C23
-11.4 (8)
C25A-P3A-C24-C23
11.4 (7)
C25B-P3-C25-C26
-52.2 (10)
C25A-P3-C25-C26
167.6 (13)
C8-P3-C25B-C26B
-52.6 (14)
C26A-P3-C25B-C26B
5.5 (17)
C25A-P3-C25B-P3A -124.0 (16)
C25-P3-C25B-P3A -149.2 (11)
C23-P3-C25B-P3A
-94.2 (17)
C8-P3-C25B-P3A
138.8 (19)

C8-P3-C25-C26
C26B-P3-C25-C26
C26A-P3-C25-C26
C23-P3A-C23A-C24A
C8-P3A-C23A-C24A
C25B-P3A-C23A-C24A
C25A-P3A-C23A-C24A
C24-P3A-C23A-C24A
C25B-P3-C25A-C26A
C25-P3-C25A-C26A
C23-P3-C25A-C26A
C8-P3-C25A-C26A
C26B-P3-C25A-C26A
C25B-P3-C25A-P3A
C25-P3-C25A-P3A
C23-P3-C25A-P3A
C8-P3-P3A
C26B-P3-C25A-P3A
C26A-P3-C25A-P3A
C23-P3A-C25A-P3
C23A-P3A-C25A-P3
C8-P3A-C25A-P3
C25B-P3A-C25A-P3
C24-P3A-C25A-P3
C23-P3A-C25A-C26A
C23A-P3A-C25A-C26A
C8-P3A-C25A-C26A
C25B-P3A-C25A-C26A
C24-P3A-C25A-C26A
P3A-C25A-C26A-P3
C25B-P3-C26A-C25A
C25-P3-C26A-C25A
C23-P3-C26A-C25A
C8-P3-C26A-C25A
C26B-P3-C26A-C25A
C25A-P3-C25B-C26B
C25-P3-C25B-C26B
C23-P3-C25B-C26B
C24-P3A-C25B-P3
C23-P3A-C25B-C26B
C23A-P3A-C25B-C26B
C8-P3A-C25B-C26B
C25A-P3A-C25B-C26B
C24-P3A-C25B-C26B
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74.1 (5)
39 (2)
59 (4)
-46.7 (5)
45.8 (6)
-94.1 (8)
-52.1 (8)
9.3 (8)
-40.0 (17)
-14.5 (14)
170.6 (18)
83.5 (15)
-1 (2)
157.8 (7)
-176.7 (6)
8.4 (9)
-78.7 (5)
-163.1 (9)
-162.2 (14)
-170.3 (10)
-165.2 (6)
80.9 (6)
-17.5 (6)
-179.8 (6)
170 (2)
175.5 (16)
61.6 (17)
-36.8 (18)
160.9 (17)
6.3 (5)
119 (2)
61 (3)
-7.8 (15)
-104.8 (14)
172 (19)
44.6 (14)
19.4 (10)
74.4 (12)
82.0 (18)
62.2 (12)
96.9 (12)
-46.3 (12)
40.3 (14)
69.9 (14)

C26B-P3-C25B-P3A
C26A-P3-C25B-P3A
C23-P3A-C25B-P3
C23A-P3A-C25B-P3
C8-P3A-C25B-P3
C25A-P3A-C25B-P3

A.4.

P3A-C25B-C26B-P3
C25A-P3-C26B-C25B
C25-P3-C26B-C25B
C23-P3-C26B-C25B
C8-P3-C26B-C25B
C26A-P3-C26B-C25B

-168.6 (13)
-163.1 (15)
74.3 (17)
109.0 (16)
-34.2 (17)
52.4 (16)

1.9 (2)
-115.8 (17)
-74 (2)
-123.0 (11)
139.5 (11)
-123 (18)

X-Ray Structure Report for meso-Ni2Cl4(et,ph-P4-Ph)

Figure A.3. ORTEP plot of meso-Ni i2Cl4(et,ph-P4-Ph).
A.4.1. Crystal Data

C33H40Cl4Ni2P4·CH4O
Mr = 851.79
Triclinic
P1
a = 10.1692 (10) Å
b = 10.1990 (10) Å
c = 20.4138 (15) Å

Mo Kα radiation
λ = 0.71073 Å
Cell parameters from 10862 reflections
θ = 2.5-32.6o
µ = 1.495 mm-1
T = 90 K
Plate
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α = 80.348 (5)o
β = 82.548 (4)ο
γ = 63.548 (4)o
V = 1865.1 (3) Å3
Z=2
Dx = 1.517 Mg.m-3
Dm not measured

Orange
0.27 μ 0.20 μ 0.04 mm
Crystal source: local laboratory

A.4.2. Data Collection

KappaCCD (with Oxford Cryostream) diffracttometer
ω scans with κ offsets
Absorption correction:
multi-scan Denzo and Scalepack
(Otwinowski & Minor 1997)
Tmin = 0.688, Tmax = 0.943
49691 measured reflections
12289 independent reflections

9880 reflections with
I > 2σ(I)
Rint = 0.028
θmax = 32.7o
h = -15 Ø 14
k = -15 Ø 15
l = -30 Ø 28
intensity decay: < 2%

A.4.3. Refinement
w = 1/[σ2(Fo2) + (0.0320P)2 + 2.3452P]
where P = (Fo2 + 2 Fc2)/3
(Δ/σ)max = 0.001
Δρmax = 0.75 e Å -3
Δρmin = -0.70 e Å -3
Extinction correction: SHELXL
Extinction coefficient: 0.0018 (3)
Scattering factors from International
Tables for Crystallography (Vol. C)

Refinement on F2
R[F2 > 2σ(F2)] = 0.037
wR(F2) = 0.091
S = 1.033
12289 reflections
415 parameters
H-atom treated by a mixture of independent
and constrained refinement

Table A.7. Fractional atomic coordinates and equivalent isotropic displacement
parameters (Å2) for meso-Ni2Cl4(et,ph-P4-Ph).
Ueq = (1/3)SiSjUijaiajai.aj.

Ni1
Ni2
Cl1
Cl2
Cl3
Cl4
P1

x
0.47083 (3)
0.19796 (3)
0.65497 (5)
0.61938 (5)
0.42064 (5)
0.14401 (6)
0.28462 (5)

y
0.29573 (3)
0.49960 (3)
0.36408 (5)
0.06077 (5)
0.33916 (5)
0.33745 (6)
0.24376 (5)
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z
0.326135 (12)
0.148165 (12)
0.30599 (2)
0.35566 (3)
0.17714 (2)
0.11164 (2)
0.34146 (2)

Ueq
0.01263 (6)
0.01404 (6)
0.01652 (9)
0.02152 (10)
0.01724 (9)
0.02098 (10)
0.01353 (9)

P2 0.31867 (5)
P3 0.24000 (5)
P4 -0.02184 (6)
C1
0.1152 (2)
C2
0.1302 (2)
C3
0.0057 (2)
H3
0.0158
C4 -0.1331 (2)
H4
-0.2182
C5 -0.1477 (2)
H5
-0.2430
C6 -0.0255 (2)
H6
-0.0369
C7
0.3405 (2)
H7A
0.3130
H7B
0.4465
C8
0.0708 (2)
C9 -0.0514 (2)
C10 -0.1831 (2)
H10
-0.2657
C11 -0.1930 (3)
H11
-0.2830
C12 -0.0734 (3)
H12
-0.0816
C13
0.0593 (2)
H13
0.1422
C14
0.2592 (2)
H14A
0.1828
H14B
0.2217
C15
0.3977 (3)
H15A
0.4743
H15B
0.3744
H15C
0.4328
C16
0.2711 (2)
H16A
0.1802
H16B
0.3558
C17
0.2687 (3)
H17A
0.3520
H17B
0.2762
H17C
0.1764
C18
0.3366 (2)
C19
0.2629 (2)

0.52352 (5)
0.67155 (5)
0.66201 (6)
0.4141 (2)
0.5465 (2)
0.6820 (2)
0.7716
0.6842 (2)
0.7757
0.5528 (2)
0.5556
0.4182 (2)
0.3292
0.6425 (2)
0.7407
0.6015
0.8384 (2)
0.8367 (2)
0.9662 (3)
0.9675
1.0928 (3)
1.1800
1.0929 (3)
1.1795
0.9664 (2)
0.9670
0.1463 (2)
0.1128
0.2169
0.0127 (2)
0.0442
-0.0306
-0.0609
0.1395 (2)
0.1253
0.0407
0.2144 (3)
0.2400
0.1469
0.3042
0.6084 (2)
0.5982 (2)
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0.32031 (2)
0.17200 (2)
0.12981 (3)
0.34061 (9)
0.33025 (9)
0.33138 (10)
0.3243
0.34304 (10)
0.3443
0.35288 (11)
0.3607
0.35150 (10)
0.3579
0.24525 (9)
0.2587
0.2310
0.17865 (10)
0.15519 (10)
0.15087 (12)
0.1332
0.17239 (13)
0.1699
0.19729 (12)
0.2125
0.20010 (11)
0.2166
0.28009 (10)
0.2985
0.2398
0.25948 (12)
0.2409
0.2258
0.2985
0.42186 (10)
0.4250
0.4243
0.48105 (11)
0.4755
0.5222
0.4835
0.38816 (9)
0.45015 (10)

0.01107 (9)
0.01238 (9)
0.01704 (10)
0.0141 (3)
0.0135 (3)
0.0159 (4)
0.019
0.0185 (4)
0.022
0.0205 (4)
0.025
0.0185 (4)
0.022
0.0146 (3)
0.017
0.017
0.0156 (4)
0.0185 (4)
0.0268 (5)
0.032
0.0288 (5)
0.035
0.0273 (5)
0.033
0.0221 (4)
0.027
0.0188 (4)
0.023
0.023
0.0241 (4)
0.036
0.036
0.036
0.0193 (4)
0.023
0.023
0.0319 (6)
0.048
0.048
0.048
0.0126 (3)
0.0169 (4)

H19
C20
H20
C21
H21
C22
H22
C23
H23
C24
C25
H25
C26
H26
C27
H27
C28
H28
C29
H29
C30
H30A
H30B
C31
H31A
H31B
H31C
C32
H32A
H32B
C33
H33A
H33B
H33C
O1S
H1S
C1S

0.1965
0.2863 (2)
0.2367
0.3818 (2)
0.3970
0.4550 (2)
0.5199
0.4338 (2)
0.4855
0.3510 (2)
0.4807 (4)
0.5143
0.5631 (5)
0.6529
0.5155 (3)
0.5680
0.3916 (4)
0.3615
0.3077 (3)
0.2200
-0.1550 (2)
-0.1603
-0.1158
-0.3105 (3)
-0.3086
-0.3704
-0.3530
-0.0689 (3)
-0.0573
-0.1735
0.0262 (3)
0.0129

H11S
H12S
H13S

1.0752
0.9181
0.9281

-0.0030
0.1298
0.9645 (2)
0.880 (5)
0.9720 (3)

0.5542
0.6526 (2)
0.6443
0.7186 (2)
0.7561
0.7295 (2)
0.7752
0.6739 (2)
0.6804
0.7219 (2)
0.6139 (3)
0.5152
0.6477 (4)
0.5723
0.7882 (4)
0.8102
0.8963 (4)
0.9957
0.8636 (4)
0.9403
0.6009 (3)
0.5266
0.5501
0.7174 (4)
0.7899
0.6705
0.7670
0.7065 (3)
0.6160
0.7787
0.7703 (3)
0.8616
0.7915
0.6987
0.0610 (3)
0.107 (5)
-0.0073 (3)
-0.0699
-0.0680
0.0681
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0.4559
0.50359 (10)
0.5457
0.49567 (10)
0.5322
0.43417 (10)
0.4285
0.38075 (10)
0.3390
0.10376 (10)
0.0801 (2)
0.1012
0.0256 (2)
0.0103
-0.00598 (13)
-0.0448
0.0190 (2)
-0.0008
0.07336 (18)
0.0893
0.17679 (12)
0.1529
0.2206
0.18899 (16)
0.2144
0.2143
0.1462
0.04323 (11)
0.0266
0.0407
-0.00141 (12)
0.0140
-0.0473
0.0004
0.35148 (11)
0.344 (2)
0.41681 (12)

0.020
0.0200 (4)
0.024
0.0193 (4)
0.023
0.0182 (4)
0.022
0.0148 (3)
0.018
0.0176 (4)
0.0645 (12)
0.077
0.0682 (13)
0.082
0.0448 (7)
0.054
0.0761 (15)
0.091
0.0585 (11)
0.070
0.0253 (5)
0.030
0.030
0.0426 (7)
0.064
0.064
0.064
0.0240 (4)
0.029
0.029
0.0317 (5)
0.048
0.048
0.048
0.0517 (7)
0.078
0.0272 (5)

0.4263
0.4228
0.4473

0.041
0.041
0.041

Table A.8. Hydrogen-bonding geometry (Å, o) for meso-Ni2Cl4(et,ph-P4-Ph).

D-H· · ·A
O1S-H1S· · ·Cl1
O1S-H1S· · ·Cl2

D-H
0.79 (4)
0.79 (4)

H· · ·A
2.67 (5)
2.87 (4)

D· · ·A
3.384 (2)
3.501 (2)

D-H· · ·A
150 (4)
138 (4)

Table A.9. Anisotropic displacement parameters (Å2) for meso-Ni2Cl4(et,ph-P4-Ph).

Ni1
Ni2
Cl1
Cl2
Cl3
Cl4
P1
P2
P3
P4
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12
C13
C14
C15
C16
C17
C18
C19
C20
C21
C22
C23

U11
U22
0.01017 (11) 0.01188 (11)
0.01283 (11) 0.01713 (12)
0.01282 (19)
0.0170 (2)
0.0176 (2)
0.0133 (2)
0.01451 (19)
0.0158 (2)
0.0225 (2)
0.0257 (2)
0.0134 (2)
0.0127 (2)
0.01070 (19)
0.0121 (2)
0.0106 (2)
0.0153 (2)
0.0130 (2)
0.0233 (3)
0.0126 (8)
0.0159 (8)
0.0115 (8)
0.0175 (9)
0.0154 (8)
0.0156 (9)
0.0132 (8)
0.0205 (9)
0.0126 (8) 0.0258 (10)
0.0156 (9)
0.0200 (9)
0.0164 (8)
0.0180 (9)
0.0125 (8)
0.0159 (9)
0.0148 (9) 0.0217 (10)
0.0128 (9) 0.0279 (11)
0.0192 (10) 0.0228 (11)
0.0242 (11) 0.0211 (11)
0.0187 (9) 0.0199 (10)
0.0204 (9) 0.0210 (10)
0.0272 (11) 0.0197 (10)
0.0223 (10)
0.0173 (9)
0.0495 (15) 0.0429 (15)
0.0138 (8)
0.0106 (8)
0.0200 (9)
0.0155 (9)
0.0243 (10) 0.0196 (10)
0.0218 (9)
0.0182 (9)
0.0177 (9)
0.0179 (9)
0.0143 (8)
0.0138 (8)

U33
0.01591 (12)
0.01358 (11)
0.0219 (2)
0.0309 (3)
0.0204 (2)
0.0193 (2)
0.0157 (2)
0.0117 (2)
0.0114 (2)
0.0163 (2)
0.0146 (8)
0.0126 (8)
0.0167 (9)
0.0182 (9)
0.0234 (10)
0.0217 (9)
0.0134 (8)
0.0149 (8)
0.0176 (9)
0.0353 (12)
0.0354 (13)
0.0323 (12)
0.0278 (11)
0.0204 (9)
0.0280 (11)
0.0194 (9)
0.0175 (10)
0.0124 (8)
0.0152 (8)
0.0139 (9)
0.0174 (9)
0.0208 (9)
0.0160 (8)
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U12
-0.00453 (9)
-0.00679 (9)
-0.00739 (17)
-0.00416 (17)
-0.00484 (17)
-0.0119 (2)
-0.00685 (18)
-0.00597 (17)
-0.00554 (18)
-0.0078 (2)
-0.0072 (7)
-0.0072 (7)
-0.0064 (7)
-0.0042 (7)
-0.0094 (8)
-0.0106 (8)
-0.0113 (7)
-0.0029 (7)
-0.0057 (8)
-0.0023 (8)
0.0004 (9)
-0.0044 (9)
-0.0064 (8)
-0.0132 (8)
-0.0115 (9)
-0.0114 (8)
-0.0338 (13)
-0.0035 (7)
-0.0082 (7)
-0.0076 (8)
-0.0063 (8)
-0.0082 (8)
-0.0058 (7)

U13
-0.00072 (8)
-0.00103 (9)
-0.00183 (16)
-0.00632 (19)
-0.00255 (16)
-0.00419 (18)
-0.00009 (17)
-0.00074 (16)
-0.00072 (16)
-0.00249 (18)
-0.0004 (6)
-0.0002 (6)
-0.0007 (7)
0.0005 (7)
0.0010 (7)
0.0010 (7)
-0.0048 (7)
-0.0004 (6)
-0.0017 (7)
-0.0067 (8)
-0.0022 (9)
-0.0003 (9)
-0.0048 (8)
0.0012 (7)
0.0034 (9)
0.0000 (7)
-0.0063 (10)
-0.0017 (6)
0.0000 (7)
-0.0005 (7)
-0.0048 (7)
-0.0038 (7)
-0.0007 (7)

U23
-0.00271 (9)
-0.00460 (9)
-0.00470 (17)
0.00080 (18)
-0.00353 (17)
-0.00798 (19)
-0.00199 (17)
-0.00158 (16)
-0.00235 (16)
-0.00527 (19)
-0.0012 (7)
-0.0023 (7)
-0.0028 (7)
-0.0033 (7)
-0.0021 (8)
-0.0004 (8)
0.0019 (7)
-0.0023 (7)
-0.0045 (7)
-0.0074 (10)
-0.0072 (9)
-0.0091 (9)
-0.0058 (8)
-0.0057 (8)
-0.0096 (8)
0.0024 (7)
0.0029 (10)
-0.0031 (6)
-0.0014 (7)
-0.0022 (7)
-0.0053 (7)
-0.0041 (7)
-0.0024 (7)

C24
C25
C26
C27
C28
C29
C30
C31
C32
C33
O1S
C1S

0.0169 (9)
0.072 (2)
0.080 (3)
0.0416 (16)
0.0353 (16)
0.0257 (13)
0.0194 (10)
0.0215 (12)
0.0240 (10)
0.0433 (14)
0.0248 (9)
0.0281 (11)

0.0262 (10)
0.0242 (14)
0.0438 (19)
0.072 (2)
0.064 (2)
0.0418 (17)
0.0331 (12)
0.0560 (19)
0.0309 (12)
0.0379 (14)
0.0761 (17)
0.0255 (11)

0.0138 (8)
0.085 (3)
0.080 (3)
0.0227 (12)
0.079 (3)
0.066 (2)
0.0270 (11)
0.0527 (18)
0.0189 (10)
0.0202 (11)
0.0457 (12)
0.0270 (11)

-0.0132 (8)
-0.0235 (15)
-0.0366 (19)
-0.0319 (16)
-0.0016 (16)
0.0043 (12)
-0.0148 (9)
-0.0196 (13)
-0.0115 (9)
-0.0233 (12)
-0.0245 (11)
-0.0097 (10)

0.0012 (7)
0.059 (2)
0.065 (2)
0.0100 (11)
0.0145 (17)
0.0182 (13)
0.0032 (8)
0.0057 (11)
-0.0085 (8)
-0.0076 (10)
-0.0139 (9)
-0.0043 (9)

-0.0032 (7)
-0.0169 (15)
-0.0323 (18)
0.0017 (13)
0.050 (2)
0.0305 (15)
-0.0064 (9)
-0.0115 (15)
-0.0034 (8)
0.0011 (10)
0.0309 (11)
-0.0039 (9)

Table A.10. Selected geometric parameters (Å, o) for meso-Ni2Cl4(et,ph-P4-Ph).

Ni1-P2
Ni1-P1
Ni1-Cl2
Ni1-Cl1
Ni2-P3
Ni2-P4
Ni2-Cl3
Ni2-Cl4
P1-C1
P1-C16
P1-C14
P2-C2
P2-C18
P2-C7
P3-C8
P3-C7
P3-C24
P4-C32
C10-H10
C11-C12
C11-H11
C12-C13
C12-H12
C13-H13
C14-C15
C14-H14A

2.1350 (6)
2.1562 (6)
2.2169 (6)
2.2424 (5)
2.1221 (6)
2.1426 (6)
2.2084 (6)
2.2180 (6)
1.822 (2)
1.825 (2)
1.832 (2)
1.8125 (19)
1.8187 (19)
1.8431 (19)
1.812 (2)
1.8289 (19)
1.829 (2)
1.821 (2)
0.9500
1.378 (3)
0.9500
1.391 (3)
0.9500
0.9500
1.531 (3)
0.9900
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P4-C9
P4-C30
C1-C6
C1-C2
C2-C3
C3-C4
C3-H3
C4-C5
C4-H4
C5-C6
C5-H5
C6-H6
C7-H7A
C7-H7B
C8-C9
C8-C13
C9-C10
C10-C11
C24-C29
C24-C25
C25-C26
C25-H25
C26-C27
C26-H26
C27-C28
C27-H27

1.824 (2)
1.832 (2)
1.402 (3)
1.404 (3)
1.399 (3)
1.391 (3)
0.9500
1.392 (3)
0.9500
1.384 (3)
0.9500
0.9500
0.9900
0.9900
1.397 (3)
1.397 (3)
1.400 (3)
1.391 (3)
1.368 (4)
1.380 (4)
1.395 (4)
0.9500
1.362 (5)
0.9500
1.360 (5)
0.9500

C14-H14B
C15-H15A
C15-H15B
C15-H15C
C16-C17
C16-H16A
C16-H16B
C17-H17A
C17-H17B
C17-H17C
C18-C19
C18-C23
C19-C20
C19-H19
C20-C21
C20-H20
C21-C22
C21-H21
C22-C23
C22-H22
C23-H23
P2-Ni1-P1
P2-Ni1-Cl2
P1-Ni1-Cl2
P2-Ni1-Cl1
P1-Ni1-Cl1
Cl2-Ni1-Cl1
P3-Ni2-P4
P3-Ni2-Cl3
P4-Ni2-Cl3
P3-Ni2-Cl4
C18-P2-C7
C2-P2-Ni1
C18-P2-Ni1
C7-P2-Ni1
C8-P3-C7
C8-P3-C24
C7-P3-C24
C8-P3-Ni2
C7-P3-Ni2
C24-P3-Ni2
C32-P4-C9

0.9900
0.9800
0.9800
0.9800
1.526 (3)
0.9900
0.9900
0.9800
0.9800
0.9800
1.397 (3)
1.401 (3)
1.394 (3)
0.9500
1.388 (3)
0.9500
1.388 (3)
0.9500
1.391 (3)
0.9500
0.9500
87.93 (2)
167.62 (2)
90.04 (2)
88.71 (2)
176.09 (2)
93.67 (2)
87.49 (2)
89.27 (2)
174.25 (2)
172.95 (2)
103.56 (9)
111.29 (7)
111.09 (6)
116.14 (7)
106.72 (9)
104.86 (10)
103.23 (9)
110.92 (7)
120.13 (7)
109.74 (7)
104.93 (10)
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C28-C29
C28-H28
C29-H29
C30-C31
C30-H30A
C30-H30B
C31-H31A
C31-H31B
C31-H31C
C32-C33
C32-H32A
C32-H32B
C33-H33A
C33-H33B
C33-H33C
O1S-C1S
O1S-H1S
C1S-H11S
C1S-H12S
C1S-H13S

1.398 (4)
0.9500
0.9500
1.516 (4)
0.9900
0.9900
0.9800
0.9800
0.9800
1.524 (3)
0.9900
0.9900
0.9800
0.9800
0.9800
1.392 (3)
0.79 (4)
0.9800
0.9800
0.9800

P4-Ni2-Cl4
Cl3-Ni2-Cl4
C1-P1-C16
C1-P1-C14
C16-P1-C14
C1-P1-Ni1
C16-P1-Ni1
C14-P1-Ni1
C2-P2-C18
C2-P2-C7
H7A-C7-H7B
C9-C8-C13
C9-C8-P3
C13-C8-P3
C8-C9-C10
C8-C9-P4
C10-C9-P4
C11-C10-C9
C11-C10-H10
C9-C10-H10
C12-C11-C10

88.22 (2)
95.46 (2)
104.19 (9)
103.49 (9)
104.96 (10)
109.40 (6)
114.89 (7)
118.44 (7)
104.77 (9)
109.15 (9)
106.9
120.11 (18)
114.83 (15)
124.87 (16)
119.2 (2)
115.57 (15)
125.19 (17)
120.1 (2)
120.0
120.0
120.6 (2)

C32-P4-C30
C9-P4-C30
C32-P4-Ni2
C9-P4-Ni2
C30-P4-Ni2
C6-C1-C2
C6-C1-P1
C2-C1-P1
C3-C2-C1
C3-C2-P2
C1-C2-P2
C4-C3-C2
C4-C3-H3
C2-C3-H3
C3-C4-C5
C3-C4-H4
C5-C4-H4
C6-C5-C4
C6-C5-H5
C4-C5-H5
C5-C6-C1
C5-C6-H6
C1-C6-H6
P3-C7-P2
P3-C7-H7A
P2-C7-H7A
P3-C7-H7B
P2-C7-H7B
H17A-C17-H17B
C16-C17-H17C
H17A-C17-H17C
H17B-C17-H17C
C19-C18-C23
C19-C18-P2
C23-C18-P2
C20-C19-C18
C20-C19-H19
C18-C19-H19
C21-C20-C19
C21-C20-H20
C19-C20-H20

106.75 (11)
109.12 (10)
115.76 (8)
109.90 (7)
110.11 (8)
119.70 (18)
123.55 (15)
116.72 (14)
120.31 (17)
124.96 (15)
114.65 (14)
119.38 (19)
120.3
120.3
120.17 (19)
119.9
119.9
121.02 (19)
119.5
119.5
119.41 (19)
120.3
120.3
119.93 (10)
107.3
107.3
107.3
107.3
109.5
109.5
109.5
109.5
118.99 (17)
120.36 (15)
120.44 (14)
120.22 (19)
119.9
119.9
120.44 (19)
119.8
119.8
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C12-C11-H11
C10-C11-H11
C11-C12-C13
C11-C12-H12
C13-C12-H12
C12-C13-C8
C12-C13-H13
C8-C13-H13
C15-C14-P1
C15-C14-H14A
P1-C14-H14A
C15-C14-H14B
P1-C14-H14B
H14A-C14-H14B
C14-C15-H15A
C14-C15-H15B
H15A-C15-H15B
C14-C15-H15C
H15A-C15-H15C
H15B-C15-H15C
C17-C16-P1
C17-C16-H16A
P1-C16-H16A
C17-C16-H16B
P1-C16-H16B
H16A-C16-H16B
C16-C17-H17A
C16-C17-H17B
C29-C28-H28
C24-C29-C28
C24-C29-H29
C28-C29-H29
C31-C30-P4
C31-C30-H30A
P4-C30-H30A
C31-C30-H30B
P4-C30-H30B
H30A-C30-H30B
C30-C31-H31A
C30-C31-H31B
H31A-C31-H31B

119.7
119.7
120.0 (2)
120.0
120.0
120.0 (2)
120.0
120.0
115.15 (15)
108.5
108.5
108.5
108.5
107.5
109.5
109.5
109.5
109.5
109.5
109.5
113.43 (15)
108.9
108.9
108.9
108.9
107.7
109.5
109.5
119.5
120.5 (3)
119.7
119.7
117.60 (19)
107.9
107.9
107.9
107.9
107.2
109.5
109.5
109.5

C22-C21-C20 119.65 (18)
C22-C21-H21
120.2
C20-C21-H21
120.2
C21-C22-C23 120.36 (19)
C21-C22-H22
119.8
C23-C22-H22
119.8
C22-C23-C18 120.34 (18)
C22-C23-H23
119.8
C18-C23-H23
119.8
C29-C24-C25
118.0 (2)
C29-C24-P3 122.21 (18)
C25-C24-P3 119.72 (19)
C24-C25-C26
121.0 (3)
C24-C25-H25
119.5
C26-C25-H25
119.5
C27-C26-C25
120.3 (3)
C27-C26-H26
119.8
C25-C26-H26
119.8
C28-C27-C26
119.0 (3)
C28-C27-H27
120.5
C26-C27-H27
120.5
C27-C28-C29
121.0 (3)
C27-C28-H28
119.5
P2-Ni1-P1-C1
0.01 (7)
Cl2-Ni1-P1-C1
167.80 (7)
Cl1-Ni1-P1-C1
-30.9 (3)
P2-Ni1-P1-C14
118.18 (8)
Cl2-Ni1-P1-C14
-74.04 (8)
Cl1-Ni1-P1-C14
87.3 (3)
P1-Ni1-P2-C2
-0.30 (7)
Cl2-Ni1-P2-C2 -81.02 (12)
Cl1-Ni1-P2-C2
177.69 (7)
P1-Ni1-P2-C18
116.02 (7)
Cl2-Ni1-P2-C18
35.31 (13)
Cl1-Ni1-P2-C18
-65.98 (7)
P1-Ni1-P2-C7 -126.00 (7)
Cl2-Ni1-P2-C7 153.29 (11)
Cl1-Ni1-P2-C7
52.00 (7)
P4-Ni2-P3-C8
10.34 (7)
Cl3-Ni2-P3-C8 -164.91 (7)
Cl4-Ni2-P3-C8
62.9 (2)
P4-Ni2-P3-C7
135.66 (8)
Cl3-Ni2-P3-C7
-39.59 (8)
Cl4-Ni2-P3-C7 -171.80 (18)
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C30-C31-H31C
H31A-C31-H31C
H31B-C31-H31C
C33-C32-P4
C33-C32-H32A
P4-C32-H32A
C33-C32-H32B
P4-C32-H32B
H32A-C32-H32B
C32-C33-H33A
C32-C33-H33B
H33A-C33-H33B
C32-C33-H33C
H33A-C33-H33C
H33B-C33-H33C
C1S-O1S-H1S
O1S-C1S-H11S
O1S-C1S-H12S
H11S-C1S-H12S
O1S-C1S-H13S
H11S-C1S-H13S
H12S-C1S-H13S
P2-Ni1-P1-C16
Cl2-Ni1-P1-C16

109.5
109.5
109.5
112.73 (16)
109.0
109.0
109.0
109.0
107.8
109.5
109.5
109.5
109.5
109.5
109.5
108 (3)
109.5
109.5
109.5
109.5
109.5
109.5
-116.72 (8)
51.06 (8)

Cl1-Ni1-P1-C16
-147.6 (3)
P1-C1-C2-P2
-0.6 (2)
C18-P2-C2-C3
57.29 (18)
C7-P2-C2-C3 -53.08 (19)
Ni1-P2-C2-C3 177.43 (15)
C18-P2-C2-C1 -119.52 (15)
C7-P2-C2-C1 130.11 (15)
Ni1-P2-C2-C1
0.62 (16)
C1-C2-C3-C4
0.2 (3)
P2-C2-C3-C4 -176.47 (15)
C2-C3-C4-C5
-0.6 (3)
C3-C4-C5-C6
0.2 (3)
C4-C5-C6-C1
0.6 (3)
C2-C1-C6-C5
-1.0 (3)
P1-C1-C6-C5 177.10 (16)
C8-P3-C7-P2
93.52 (13)
C24-P3-C7-P2 -156.26 (12)
Ni2-P3-C7-P2 -33.74 (15)
C2-P2-C7-P3 -35.73 (15)

P4-Ni2-P3-C24
Cl3-Ni2-P3-C24
Cl4-Ni2-P3-C24
P3-Ni2-P4-C32
Cl3-Ni2-P4-C32
Cl4-Ni2-P4-C32
P3-Ni2-P4-C9
Cl3-Ni2-P4-C9
Cl4-Ni2-P4-C9
P3-Ni2-P4-C30
Cl3-Ni2-P4-C30
Cl4-Ni2-P4-C30
C16-P1-C1-C6
C14-P1-C1-C6
Ni1-P1-C1-C6
C16-P1-C1-C2
C14-P1-C1-C2
Ni1-P1-C1-C2
C6-C1-C2-C3
P1-C1-C2-C3
C6-C1-C2-P2
C10-C11-C12-C13
C11-C12-C13-C8
C9-C8-C13-C12
P3-C8-C13-C12
C1-P1-C14-C15
C16-P1-C14-C15
Ni1-P1-C14-C15
C1-P1-C16-C17
C14-P1-C16-C17
Ni1-P1-C16-C17
C2-P2-C18-C19
C7-P2-C18-C19
Ni1-P2-C18-C19
C2-P2-C18-C23
C7-P2-C18-C23
Ni1-P2-C18-C23
C23-C18-C19-C20
P2-C18-C19-C20
C18-C19-C20-C21
C19-C20-C21-C22
C20-C21-C22-C23
C21-C22-C23-C18

-105.04 (7)
79.70 (7)
-52.5 (2)
110.91 (9)
166.6 (2)
-63.50 (9)
-7.70 (7)
48.0 (3)
177.89 (7)
-127.93 (8)
-72.3 (3)
57.67 (8)
-54.42 (19)
55.12 (19)
-177.74 (15)
123.70 (16)
-126.76 (15)
0.38 (16)
0.6 (3)
-177.60 (14)
177.56 (15)
1.0 (4)
-1.0 (4)
-0.8 (3)
173.88 (18)
167.96 (16)
-83.07 (17)
46.74 (18)
-63.76 (19)
-172.22 (17)
55.91 (19)
35.65 (18)
150.01 (16)
-84.63 (16)
-149.71 (15)
-35.35 (17)
90.01 (15)
-0.1 (3)
174.64 (16)
0.7 (3)
-0.4 (3)
-0.4 (3)
1.0 (3)
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C18-P2-C7-P3
Ni1-P2-C7-P3
C7-P3-C8-C9
C24-P3-C8-C9
Ni2-P3-C8-C9
C7-P3-C8-C13
C24-P3-C8-C13
Ni2-P3-C8-C13
C13-C8-C9-C10
P3-C8-C9-C10
C13-C8-C9-P4
P3-C8-C9-P4
C32-P4-C9-C8
C30-P4-C9-C8
Ni2-P4-C9-C8
C32-P4-C9-C10
C30-P4-C9-C10
Ni2-P4-C9-C10
C8-C9-C10-C11
P4-C9-C10-C11
C9-C10-C11-C12
C19-C18-C23-C22
P2-C18-C23-C22
C8-P3-C24-C29
C7-P3-C24-C29
Ni2-P3-C24-C29
C8-P3-C24-C25
C7-P3-C24-C25
Ni2-P3-C24-C25
C29-C24-C25-C26
P3-C24-C25-C26
C24-C25-C26-C27
C25-C26-C27-C28
C26-C27-C28-C29
C25-C24-C29-C28
P3-C24-C29-C28
C27-C28-C29-C24
C32-P4-C30-C31
C9-P4-C30-C31
Ni2-P4-C30-C31
C9-P4-C32-C33
C30-P4-C32-C33
Ni2-P4-C32-C33

-146.90 (12)
91.04 (12)
-144.20 (15)
106.72 (16)
-11.66 (17)
40.8 (2)
-68.3 (2)
173.36 (17)
2.7 (3)
-172.58 (17)
-179.24 (16)
5.5 (2)
-122.36 (17)
123.54 (17)
2.72 (18)
55.6 (2)
-58.5 (2)
-179.30 (18)
-2.7 (3)
179.43 (19)
0.8 (4)
-0.8 (3)
-175.50 (15)
5.8 (3)
-105.8 (3)
125.0 (3)
-172.0 (3)
76.4 (3)
-52.8 (3)
-1.7 (6)
176.2 (3)
-1.0 (7)
4.1 (7)
-4.5 (7)
1.3 (6)
-176.5 (3)
1.8 (7)
-73.5 (2)
39.4 (2)
160.10 (18)
60.0 (2)
175.75 (18)
-61.3 (2)

A.5.

X-Ray Structure Report for [meso-Ni2Cl2(μ-OH)(et,ph-P4-Ph)]+

Figure A.4. ORTEP plot of [meso-Ni2Cl2(μ-OH)(et,ph-P4-Ph)]+.
A.5.1. Crystal Data

Mo Kα radiation
λ = 0.71073 Å
Cell parameters from 11121 reflections
θ = 2.5-23.7o
μ = 1.607 mm-1
T = 90 K
Lath
Yellow
0.22 μ 0.15 μ 0.01 mm
Crystal source: local laboratory

2(C33H41Cl2Ni2OP4)·NiCl4·2(CH4O)
Mr = 1796.32
Monoclinic
C2/c
a = 35.852 (8) Å
b = 11.467 (2) Å
c = 21.553 (3) Å
β = 114.021 (14)o
V = 8093 (3) Å3
Z=4
Dx = 1.474 Mg.m-3
Dm not measured
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A.5.2. Data Collection

KappaCCD (with Oxford Cryostream) diffractTometer
ω scans with κ offsets
Absorption correction:
multi-scan Denzo and Scalepack
(Otwinowski & Minor, 1997)
Tmin = 0.719, Tmax = 0.984
41317 measured reflections
6115 independent reflections

4289 reflections with

I > 2σ(I)
Rint = 0.107
θmax = 23.7o
h = -40 Ø 40
k = -12 Ø 12
l = -22 Ø 24
intensity decay: < 2%

A.5.3. Refinement
w=1/[σ2(Fo2) + (0.0782P)2 + 6.8194P]
where P = (Fo2 + 2Fc2)/3
(Δ/σ)max = 0.001
Δρmax = 1.24 e Å-3
Δρmin = -0.64 e Å-3
Extinction correction: none
Scattering factors from International
...Tables for Crystallography (Vol. C)

Refinement on F2
R[F2 > 2σ(F2)] = 0.071
wR(F2) = 0.178
S = 1.087
6115 reflections
420 parameters
H-atom parameters constrained

Table A.11. Fractional atomic coordinates and equivalent isotropic displacement
parameters (Å2) for [meso-Ni2Cl2(μ-OH)(et,ph-P4-Ph)]+.
Ueq = (1/3)SiSjUijaiajai.aj.

Ni1
Ni2
Ni3
Cl1
Cl2
Cl3
Cl4
P1
P2
P3
P4
O1
H10H
C1
C2

x
0.63497 (3)
0.68334 (3)
1/2
0.66780 (7)
0.71855 (7)
0.55377 (6)
0.51183 (6)
0.58249 (7)
0.60203 (6)
0.65095 (6)
0.68878 (8)
0.68123 (16)
0.7050
0.5404 (2)
0.5485 (2)

y
0.76364 (8)
0.86932 (8)
0.33036 (12)
0.8406 (2)
1.01133 (17)
0.45436 (18)
0.21316 (18)
0.76047 (18)
0.65511 (17)
0.73786 (17)
0.96258 (18)
0.7782 (5)
0.7852
0.6885 (6)
0.6460 (6)
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z
0.62640 (5)
0.78523 (5)
3/4
0.57024 (10)
0.76479 (10)
0.80322 (10)
0.67449 (10)
0.53215 (10)
0.66677 (10)
0.81277 (10)
0.87394 (11)
0.7103 (3)
0.7059
0.5434 (4)
0.6084 (4)

Ueq
0.0282 (3)
0.0289 (3)
0.0219 (3)
0.0450 (6)
0.0360 (5)
0.0367 (5)
0.0370 (5)
0.0286 (5)
0.0267 (5)
0.0270 (5)
0.0361 (6)
0.0325 (13)
0.049
0.0291 (19)
0.0278 (18)

C3
H3
C4
H4
C5
H5
C6
H6
C7
H7A
H7B
C8
C9
C10
H10
C11
H11
C12
H12
C13
H13
C14
H14A
H14B
C15
H15A
H15B
H15C
C16
H16A
H16B
C17
H17A
H17B
H17C
C18
C19
H19
C20
H20
C21
H21

0.5175 (2)
0.5230
0.4787 (2)
0.4572
0.4708 (2)
0.4442
0.5009 (3)
0.4951
0.6013 (2)
0.5826
0.5900
0.6423 (2)
0.6649 (3)
0.6659 (3)
0.6820
0.6435 (3)
0.6439
0.6200 (3)
0.6046
0.6188 (3)
0.6019
0.5900 (2)
0.5631
0.6033
0.6161 (3)
0.6194
0.6028
0.6430
0.5636 (3)
0.5830
0.5370
0.5583 (3)
0.5482
0.5846
0.5385
0.6216 (2)
0.6616 (3)
0.6782
0.6773 (3)
0.7047
0.6529 (3)
0.6635

0.5967 (6)
0.5696
0.5882 (6)
0.5556
0.6270 (7)
0.6185
0.6772 (7)
0.7044
0.6987 (7)
0.7661
0.6337
0.7811 (6)
0.8797 (7)
0.9137 (7)
0.9785
0.8529 (7)
0.8756
0.7577 (7)
0.7160
0.7229 (7)
0.6596
0.6848 (7)
0.6624
0.7382
0.5764 (7)
0.5386
0.5224
0.5982
0.9068 (7)
0.9444
0.8994
0.9839 (7)
1.0606
0.9928
0.9480
0.5062 (7)
0.4895 (7)
0.5544
0.3755 (7)
0.3634
0.2804 (7)
0.2036
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0.6233 (4)
0.6678
0.5720 (4)
0.5815
0.5067 (4)
0.4717
0.4922 (4)
0.4476
0.7480 (4)
0.7401
0.7652
0.8866 (4)
0.9203 (4)
0.9828 (4)
1.0062
1.0106 (4)
1.0533
0.9761 (4)
0.9957
0.9138 (4)
0.8900
0.4643 (4)
0.4288
0.4433
0.4892 (4)
0.4510
0.5090
0.5237
0.4995 (4)
0.4838
0.4600
0.5526 (5)
0.5329
0.5915
0.5676
0.6757 (4)
0.6828 (4)
0.6833
0.6893 (4)
0.6947
0.6878 (4)
0.6920

0.0270 (18)
0.032
0.0295 (19)
0.035
0.0298 (19)
0.036
0.0314 (19)
0.038
0.0292 (18)
0.035
0.035
0.0285 (18)
0.034 (2)
0.038 (2)
0.045
0.039 (2)
0.046
0.039 (2)
0.047
0.0315 (19)
0.038
0.0309 (19)
0.037
0.037
0.038 (2)
0.058
0.058
0.058
0.039 (2)
0.046
0.046
0.048 (2)
0.071
0.071
0.071
0.0262 (18)
0.033 (2)
0.040
0.036 (2)
0.044
0.038 (2)
0.046

C22
H22
C23
H23
C24
C25
H25
C26
H26
C27
H27
C28
H28
C29
H29
C30
H30A
H30B
C31
H31A
H31B
H31C
C32
H32A
H32B
C33
H33A
H33B
H33C
O1S
C1S

0.6134 (3)
0.5968
0.5974 (3)
0.5701
0.6795 (2)
0.7197 (3)
0.7315
0.7427 (3)
0.7700
0.7259 (3)
0.7417
0.6865 (3)
0.6753
0.6624 (3)
0.6349
0.6613 (3)
0.6655
0.6732
0.6162 (3)
0.6034
0.6041
0.6118
0.7407 (3)
0.7520
0.7396
0.7693 (3)
0.7963
0.7714
0.7588
0.5312 (3)
0.4886 (4)

0.2976 (7)
0.2323
0.4095 (7)
0.4205
0.6040 (6)
0.6002 (7)
2/3
0.5002 (7)
0.4984
0.4028 (7)
0.3337
0.4061 (7)
0.3390
0.5057 (7)
0.5062
1.1012 (7)
1.1375
1.1542
1.0897 (9)
1.1669
1.0392
1.0555
0.9953 (8)
1.0557
1.0290
0.8930 (10)
0.9187
0.8604
0.8334
0.9266 (8)
0.8880 (11)

0.6804 (4)
0.6791
0.6748 (4)
0.6704
0.8381 (4)
0.8450 (4)
0.8350
0.8662 (4)
0.8696
0.8824 (4)
0.8974
0.8767 (4)
0.8885
0.8539 (4)
0.8493
0.8577 (5)
0.9017
0.8342
0.8154 (6)
0.8085
0.8388
0.7713
0.9338 (5)
0.9136
0.9753
0.9539 (5)
0.9862
0.9135
0.9753
0.6959 (5)
0.6619 (7)

0.033 (2)
0.039
0.0296 (19)
0.036
0.0267 (18)
0.0308 (19)
0.037
0.036 (2)
0.043
0.039 (2)
0.047
0.038 (2)
0.046
0.033 (2)
0.040
0.054 (3)
0.064
0.064
0.064 (3)
0.095
0.095
0.095
0.050 (3)
0.060
0.060
0.065 (3)
0.098
0.098
0.098
0.095 (3)
0.092 (4)

Table A.12. Anisotropic displacement parameters (Å2) for
[meso-Ni2Cl2(μ-OH)(et,ph-P4-Ph)]+.

Ni1
Ni2
Ni3
Cl1
Cl2
Cl3
Cl4
P1

U11
0.0341 (6)
0.0365 (6)
0.0249 (8)
0.0490 (14)
0.0472 (13)
0.0414 (13)
0.0436 (13)
0.0354 (13)

U22
0.0212 (6)
0.0191 (6)
0.0223 (8)
0.0485 (14)
0.0232 (11)
0.0392 (13)
0.0391 (13)
0.0225 (11)

U33
U12
0.0273 (6) -0.0052 (5)
0.0301 (6) -0.0016 (5)
0.0184 (7)
0.000
0.0339 (12) -0.0208 (11)
0.0435 (12)
0.0006 (9)
0.0292 (11) -0.0074 (10)
0.0298 (11) 0.0016 (10)
0.0272 (11) -0.0024 (9)
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U13
0.0104 (5)
0.0124 (5)
0.0087 (6)
0.0130 (10)
0.0244 (10)
0.0141 (9)
0.0166 (10)
-0.0120 (9)

U23
0.0004 (4)
0.0015 (4)
0.000
0.0057 (10)
0.0045 (9)
-0.0018 (9)
0.0005 (9)
0.0026 (9)

P2
P3
P4
O1
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12
C13
C14
C15
C16
C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
C27
C28
C29
C30
C31
C32
C33
O1S
C1S

0.0315 (12)
0.0345 (13)
0.0538 (16)
0.028 (3)
0.036 (5)
0.038 (5)
0.032 (5)
0.036 (5)
0.030 (5)
0.041 (5)
0.033 (5)
0.031 (5)
0.043 (5)
0.045 (6)
0.050 (6)
0.050 (6)
0.043 (5)
0.028 (5)
0.040 (5)
0.052 (6)
0.062 (7)
0.033 (5)
0.047 (6)
0.032 (5)
0.050 (6)
0.040 (5)
0.037 (5)
0.031 (5)
0.043 (6)
0.038 (5)
0.051 (6)
0.049 (6)
0.040 (5)
0.097 (9)
0.072 (8)
0.060 (7)
0.057 (7)
0.103 (7)
0.084 (10)

0.0205 (11) 0.0278 (11) -0.0031 (9)
0.0176 (11) 0.0272 (11) -0.0009 (9)
0.0174 (11) 0.0400 (13) -0.0051 (10)
0.036 (3)
0.032 (3)
-0.005 (3)
0.019 (4)
0.034 (5)
-0.001 (4)
0.015 (4)
0.031 (4)
0.002 (4)
0.020 (4)
0.032 (4)
-0.003 (4)
0.017 (4)
0.037 (5)
-0.003 (4)
0.026 (5)
0.031 (5)
0.000 (4)
0.026 (4)
0.027 (4)
0.004 (4)
0.023 (4)
0.032 (4)
-0.002 (4)
0.019 (4)
0.033 (4)
0.004 (4)
0.019 (4)
0.040 (5)
0.001 (4)
0.025 (5)
0.040 (5)
-0.008 (4)
0.036 (5)
0.030 (5)
0.000 (4)
0.029 (5)
0.046 (5)
-0.005 (4)
0.017 (4)
0.038 (5)
-0.005 (4)
0.038 (5)
0.027 (4)
-0.004 (4)
0.038 (5)
0.033 (5)
-0.003 (4)
0.021 (5)
0.042 (5)
0.000 (4)
0.025 (5)
0.054 (6)
0.006 (5)
0.022 (4)
0.022 (4)
0.002 (4)
0.021 (5)
0.031 (5)
-0.005 (4)
0.038 (5)
0.038 (5)
0.009 (4)
0.022 (5)
0.039 (5)
0.004 (4)
0.021 (5)
0.037 (5)
-0.003 (4)
0.028 (5)
0.024 (4)
-0.004 (4)
0.020 (4)
0.028 (4)
-0.003 (3)
0.016 (4)
0.031 (4)
0.002 (4)
0.031 (5)
0.036 (5)
0.001 (4)
0.027 (5)
0.037 (5)
0.010 (4)
0.017 (5)
0.049 (5)
-0.001 (4)
0.025 (5)
0.034 (5)
0.003 (4)
0.018 (5)
0.066 (7)
0.006 (5)
0.039 (6)
0.081 (8)
0.025 (6)
0.040 (6)
0.053 (6)
-0.015 (5)
0.071 (8)
0.052 (6)
-0.016 (6)
0.070 (6)
0.107 (7)
0.014 (5)
0.060 (8) 0.117 (11)
-0.002 (7)

0.0119 (9)
0.0001 (8)
0.0108 (9)
-0.0007 (8)
0.0219 (11)
-0.0025 (9)
0.010 (3)
-0.005 (2)
0.017 (4)
-0.002 (3)
0.014 (4)
-0.005 (3)
0.017 (4)
-0.001 (3)
0.016 (4)
-0.003 (3)
0.010 (4) -0.001 (4)
0.013 (4)
0.000 (3)
0.013 (4)
-0.003 (3)
0.010 (4)
0.002 (3)
0.017 (4)
0.003 (4)
0.015 (4)
-0.014 (4)
0.017 (4) -0.009 (4)
0.029 (5)
-0.001 (4)
0.020 (4)
-0.005 (4)
0.011 (4)
0.001 (4)
0.011 (4)
-0.004 (4)
0.018 (4)
0.007 (4)
0.022 (5)
0.010 (4)
0.009 (4)
0.001 (3)
0.015 (4)
-0.002 (3) 0.013 (4)
0.005 (4)
0.014 (4)
0.004 (4)
0.017 (4)
0.002 (4)
0.013 (4)
0.000 (3)
0.011 (4)
-0.002 (3)
0.013 (4)
0.003 (3)
0.012 (4)
-0.004 (4)
0.013 (4)
-0.002 (4)
0.020 (5)
0.002 (4)
0.014 (4)
0.000 (4)
0.054 (7)
0.008 (4)
0.033 (7)
0.024 (5)
0.025 (5)
-0.006 (5)
0.006 (5)
0.009 (6)
0.038 (6)
-0.009 (5)
0.026 (8)
-0.006 (8)

Table A.13. Selected geometric parameters (Å, o) for
[meso-Ni2Cl2(μ-OH)(et,ph-P4-Ph)]+.

Ni1-O1
Ni1-P2

1.899 (5)
2.130 (2)
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P3-C24
P3-C8

1.801 (8)
1.810 (8)

Ni1-P1
Ni1-Cl1
Ni2-O1
Ni2-P4
Ni2-P3
Ni2-Cl2
Ni3-Cl4
Ni3-Cl4i
Ni3-Cl3i
Ni3-Cl3
P1-C14
P1-C1
P1-C16
P2-C2
P2-C18
P2-C7
C7-H7B
C8-C13
C8-C9
C9-C10
C10-C11
C10-H10
C11-C12
C11-H11
C12-C13
C12-H12
C13-H13
C14-C15
C14-H14A
C14-H14B
C15-H15A
C15-H15B
C15-H15C
C16-C17
C16-H16A
C16-H16B
C17-H17A
C17-H17B
C17-H17C
C18-C19
C18-C23
C19-C20

2.135 (2)
2.188 (2)
1.899 (5)
2.129 (2)
2.130 (2)
2.212 (2)
2.280 (2)
2.280 (2)
2.292 (2)
2.292 (2)
1.814 (8)
1.820 (8)
1.839 (8)
1.819 (8)
1.826 (8)
1.831 (7)
0.9900
1.380 (11)
1.408 (11)
1.388 (11)
1.373 (12)
0.9500
1.394 (12)
0.9500
1.384 (11)
0.9500
0.9500
1.516 (11)
0.9900
0.9900
0.9800
0.9800
0.9800
1.517 (12)
0.9900
0.9900
0.9800
0.9800
0.9800
1.393 (11)
1.404 (11)
1.407 (11)
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P3-C7
P4-C32
P4-C9
P4-C30
O1-H10H
C1-C2
C1-C6
C2-C3
C3-C4
C3-H3
C4-C5
C4-H4
C5-C6
C5-H5
C6-H6
C7-H7A
C21-C22
C21-H21
C22-C23
C22-H22
C23-H23
C24-C25
C24-C29
C25-C26
C25-H25
C26-C27
C26-H26
C27-C28
C27-H27
C28-C29
C28-H28
C29-H29
C30-C31
C30-H30A
C30-H30B
C31-H31A
C31-H31B
C31-H31C
C32-C33
C32-H32A
C32-H32B
C33-H33A

1.816 (8)
1.820 (10)
1.826 (8)
1.827 (9)
0.900
1.396 (10)
1.403 (11)
1.398 (11)
1.385 (11)
0.9500
1.391 (10)
0.9500
1.368 (11)
0.9500
0.9500
0.9900
1.372 (11)
0.9500
1.392 (11)
0.9500
0.9500
1.388 (11)
1.389 (11)
1.377 (11)
0.9500
1.378 (12)
0.9500
1.368 (12)
0.9500
1.395 (11)
0.9500
0.9500
1.504 (14)
0.9900
0.9900
0.9800
0.9800
0.9800
1.502 (14)
0.9900
0.9900
0.9800

C19-H19
C20-C21
C20-H20
O1-Ni1-P2
O1-Ni1-P1
P2-Ni1-P1
O1-Ni1-Cl1
P2-Ni1-Cl1
P1-Ni1-Cl1
O1-Ni2-P4
O1-Ni2-P3
P4-Ni2-P3
O1-Ni2-Cl2
C1-P1-C16
C14-P1-Ni1
C1-P1-Ni1
C16-P1-Ni1
C2-P2-C18
C2-P2-C7
C18-P2-C7
C2-P2-Ni1
C18-P2-Ni1
C7-P2-Ni1
C24-P3-C8
C24-P3-C7
C8-P3-C7
C24-P3-Ni2
C8-P3-Ni2
C7-P3-Ni2
C32-P4-C9
C32-P4-C30
C9-P4-C30
C32-P4-Ni2
C9-P4-Ni2
C30-P4-Ni2
Ni2-O1-Ni1
Ni2-O1-H10H
Ni1-O1-H10H
C2-C1-C6
C2-C1-P1
C6-C1-P1
C1-C2-C3
C1-C2-P2

0.9500
1.390 (12)
0.9500
94.41 (17)
175.91 (19)
87.61 (9)
91.91 (17)
166.91 (10)
86.83 (9)
175.85 (19)
90.58 (18)
88.07 (9)
93.68 (18)
105.6 (4)
114.4 (3)
109.7 (3)
113.2 (3)
105.7 (3)
104.8 (4)
108.0 (3)
110.8 (3)
109.7 (3)
117.2 (3)
104.2 (3)
106.3 (4)
106.1 (4)
112.4 (3)
111.0 (3)
115.9 (3)
106.9 (4)
105.8 (5)
102.8 (4)
115.7 (3)
109.8 (3)
114.8 (3)
125.1 (3)
109
114
119.2 (7)
116.5 (6)
124.2 (6)
120.8 (7)
113.9 (6)
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C33-H33B
C33-H33C
O1S-C1S
P4-Ni2-Cl2
P3-Ni2-Cl2
Cl4-Ni3-Cl4i
Cl4-Ni3-Cl3i
Cl4i-Ni3-Cl3i
Cl4-Ni3-Cl3
Cl4i-Ni3-Cl3
Cl3i-Ni3-Cl3
C14-P1-C1
C14-P1-C16
C4-C5-H5
C5-C6-C1
C5-C6-H6
C1-C6-H6
P3-C7-P2
P3-C7-H7A
P2-C7-H7A
P3-C7-H7B
P2-C7-H7B
H7A-C7-H7B
C13-C8-C9
C13-C8-P3
C9-C8-P3
C10-C9-C8
C10-C9-P4
C8-C9-P4
C11-C10-C9
C11-C10-H10
C9-C10-H10
C10-C11-C12
C10-C11-H11
C12-C11-H11
C13-C12-C11
C13-C12-H12
C11-C12-H12
C8-C13-C12
C8-C13-H13
C12-C13-H13
C15-C14-P1
C15-C14-H14A

0.9800
0.9800
1.467 (15)
87.59 (9)
175.51 (9)
107.75 (12)
111.80 (7)
111.10 (8)
111.10 (8)
111.80 (7)
103.32 (12)
107.1 (4)
106.3 (4)
119.6
119.9 (7)
120.1
120.1
114.2 (4)
108.7
108.7
108.7
108.7
107.6
119.4 (7)
126.4 (6)
114.0 (6)
120.7 (8)
123.5 (6)
115.7 (6)
119.4 (8)
120.3
120.3
120.0 (8)
120.0
120.0
121.1 (8)
119.4
119.4
119.3 (7)
120.4
120.4
112.3 (5)
109.1

C3-C2-P2
C4-C3-C2
C4-C3-H3
C2-C3-H3
C3-C4-C5
C3-C4-H4
C5-C4-H4
C6-C5-C4
C6-C5-H5
H15B-C15-H15C
C17-C16-P1
C17-C16-H16A
P1-C16-H16A
C17-C16-H16B
P1-C16-H16B
H16A-C16-H16B
C16-C17-H17A
C16-C17-H17B
H17A-C17-H17B
C16-C17-H17C
H17A-C17-H17C
H17B-C17-H17C
C19-C18-C23
C19-C18-P2
C23-C18-P2
C18-C19-C20
C18-C19-H19
C20-C19-H19
C21-C20-C19
C21-C20-H20
C19-C20-H20
C22-C21-C20
C22-C21-H21
C20-C21-H21
C21-C22-C23
C21-C22-H22
C23-C22-H22
C22-C23-C18
C22-C23-H23
C18-C23-H23
C25-C24-C29
C25-C24-P3
C29-C24-P3
C26-C25-C24
C26-C25-H25

125.3 (6)
118.7 (7)
120.7
120.7
120.7 (7)
119.7
119.6
120.7 (8)
119.6
109.5
112.5 (6)
109.1
109.1
109.1
109.1
107.8
109.5
109.5
109.5
109.5
109.5
109.5
119.8 (7)
118.3 (6)
121.8 (6)
119.4 (8)
120.3
120.3
120.2 (8)
119.9
119.9
120.0 (8)
120.0
120.0
120.9 (8)
119.6
119.6
119.7 (8)
120.2
120.2
119.2 (7)
119.7 (6)
121.0 (6)
121.2 (8)
119.4
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P1-C14-H14A
C15-C14-H14B
P1-C14-H14B
H14A-C14-H14B
C14-C15-H15A
C14-C15-H15B
H15A-C15-H15B
C14-C15-H15C
H15A-C15-H15C
C25-C26-C27
C25-C26-H26
C27-C26-H26
C28-C27-C26
C28-C27-H27
C26-C27-H27
C27-C28-C29
C27-C28-H28
C29-C28-H28
C24-C29-C28
C24-C29-H29
C28-C29-H29
C31-C30-P4
C31-C30-H30A
P4-C30-H30A
C31-C30-H30B
P4-C30-H30B
H30A-C30-H30B
C30-C31-H31A
C30-C31-H31B
H31A-C31-H31B
C30-C31-H31C
H31A-C31-H31C
H31B-C31-H31C
C33-C32-P4
C33-C32-H32A
P4-C32-H32A
C33-C32-H32B
P4-C32-H32B
H32A-C32-H32B
C32-C33-H33A
C32-C33-H33B
H33A-C33-H33B
C32-C33-H33C
H33A-C33-H33C
H33B-C33-H33C

109.1
109.1
109.1
107.9
109.5
109.5
109.5
109.5
109.5
119.6 (8)
120.2
120.2
119.7 (8)
120.1
120.1
121.5 (8)
119.2
119.2
118.7 (8)
120.6
120.6
113.7 (7)
108.8
108.8
108.8
108.8
107.7
109.5
109.5
109.5
109.5
109.5
109.5
115.1 (7)
108.5
108.5
108.5
108.5
107.5
109.5
109.5
109.5
109.5
109.5
109.5

C24-C25-H25
P2-Ni1-P1-C14
Cl1-Ni1-P1-C14
P2-Ni1-P1-C16
Cl1-Ni1-P1-C16
O1-Ni1-P2-C2
P1-Ni1-P2-C2
O1-Ni1-P2-C18
P1-Ni1-P2-C18
Cl1-Ni1-P2-C18
O1-Ni1-P2-C7
P1-Ni1-P2-C7
O1-Ni2-P3-C24
P4-Ni2-P3-C24
O1-Ni2-P3-C8
P4-Ni2-P3-C8
O1-Ni2-P3-C7
P4-Ni2-P3-C7
P3-Ni2-P4-C32
Cl2-Ni2-P4-C32
P3-Ni2-P4-C9
Cl2-Ni2-P4-C9
P3-Ni2-P4-C30
Cl2-Ni2-P4-C30
P3-Ni2-O1-Ni1
Cl2-Ni2-O1-Ni1
P2-Ni1-O1-Ni2
Cl1-Ni1-O1-Ni2
C14-P1-C1-C2
C16-P1-C1-C2
Ni1-P1-C1-C2
C14-P1-C1-C6
C16-P1-C1-C6
Ni1-P1-C1-C6
C6-C1-C2-C3
P1-C1-C2-C3
C6-C1-C2-P2
P1-C1-C2-P2
C18-P2-C2-C1
C7-P2-C2-C1
Ni1-P2-C2-C1
C18-P2-C2-C3
C16-P1-C14-C15
Ni1-P1-C14-C15

119.4
-113.1 (3)
55.1 (3)
125.0 (3)
-66.9 (3)
165.6 (3)
-10.8 (3)
-78.1 (3)
105.5 (3)
40.5 (5)
45.4 (3)
-131.0 (3)
64.8 (3)
-111.2 (3)
-178.8 (3)
5.1 (3)
-57.7 (3)
126.3 (3)
122.1 (4)
-56.7 (4)
1.0 (3)
-177.8 (3)
-114.2 (4)
67.0 (4)
78.3 (3)
-103.2 (3)
-73.4 (3)
118.1 (3)
123.5 (6)
-123.5 (6)
-1.3 (6)
-58.7 (7)
54.3 (7)
176.6 (6)
-2.5 (11)
175.5 (6)
174.7 (6)
-7.4 (8)
-105.6 (6)
140.4 (6)
13.1 (6)
71.4 (7)
164.4 (6)
38.7 (7)

P2-Ni1-P1-C1
Cl1-Ni1-P1-C1

7.3 (3)
175.5 (3)

C7-P2-C2-C3
Ni1-P2-C2-C3
C1-C2-C3-C4
P2-C2-C3-C4
C2-C3-C4-C5
C3-C4-C5-C6
C4-C5-C6-C1
C2-C1-C6-C5
P1-C1-C6-C5
C24-P3-C7-P2
C8-P3-C7-P2
Ni2-P3-C7-P2
C2-P2-C7-P3
C18-P2-C7-P3
Ni1-P2-C7-P3
C24-P3-C8-C13
C7-P3-C8-C13
Ni2-P3-C8-C13
C24-P3-C8-C9
C7-P3-C8-C9
Ni2-P3-C8-C9
C13-C8-C9-C10
P3-C8-C9-C10
C13-C8-C9-P4
P3-C8-C9-P4
C32-P4-C9-C10
C30-P4-C9-C10
Ni2-P4-C9-C10
C32-P4-C9-C8
C30-P4-C9-C8
Ni2-P4-C9-C8
C8-C9-C10-C11
P4-C9-C10-C11
C9-C10-C11-C12
C10-C11-C12-C13
C9-C8-C13-C12
P3-C8-C13-C12
C11-C12-C13-C8
C1-P1-C14-C15
C7-P3-C24-C25
Ni2-P3-C24-C25

-42.6 (7)
-169.9 (6)
1.6 (11)
-175.2 (6)
0.6 (11)
-1.8 (11)
0.9 (12)
1.2 (11)
-176.5 (6)
-71.0 (5)
178.4 (4)
54.7 (5)
-170.4 (4)
77.3 (5)
-47.1 (5)
-65.9 (8)
46.1 (8)
172.8 (6)
109.2 (6)
-138.8 (6)
-12.1 (7)
4.5 (12)
-171.0 (7)
-171.3 (6)
13.2 (8)
49.0 (8)
-62.1 (8)
175.3 (7)
-135.3 (7)
113.6 (7)
-9.0 (7)
-2.4 (13)
173.1 (7)
0.2 (13)
-0.1 (13)
-4.4 (12)
170.5 (6)
2.2 (13)
-83.1 (6)
134.7 (6)
6.9 (7)
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C14-P1-C16-C17
C1-P1-C16-C17
Ni1-P1-C16-C17
C2-P2-C18-C19
C7-P2-C18-C19
Ni1-P2-C18-C19
C2-P2-C18-C23
C7-P2-C18-C23
Ni1-P2-C18-C23
C23-C18-C19-C20
P2-C18-C19-C20
C18-C19-C20-C21
C19-C20-C21-C22
C20-C21-C22-C23
C21-C22-C23-C18
C19-C18-C23-C22
P2-C18-C23-C22
C8-P3-C24-C25
3
Symmetry codes: (i) 1-x, y, -z.
2

-176.4 (6)
70.0 (7)
-50.1 (7)
144.3 (6)
-104.0 (6)
24.8 (6)
-34.9 (7)
76.9 (7)
-154.3 (5)
-0.3 (11)
-179.5 (6)
0.7 (11)
-0.3 (12)
-0.5 (12)
0.9 (11)
-0.5 (11)
178.7 (6)
-113.4 (6)

C8-P3-C24-C29
C7-P3-C24-C29
Ni2-P3-C24-C29
C29-C24-C25-C26
P3-C24-C25-C26
C24-C25-C26-C27
C25-C26-C27-C28
C26-C27-C28-C29
C25-C24-C29-C28
P3-C24-C29-C28
C27-C28-C29-C24
C32-P4-C30-C31
C9-P4-C30-C31
Ni2-P4-C30-C31
C9-P4-C32-C33
C30-P4-C32-C33
Ni2-P4-C32-C33
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63.7 (7)
-48.2 (7)
-176.0 (5)
1.0 (11)
178.1 (6)
-1.5 (12)
0.6 (12)
0.8 (13)
0.4 (11)
-176.7 (6)
-1.4 (12)
-173.1 (7)
-61.1 (8)
58.1 (8)
71.8 (8)
-179.1 (7)
-50.8 (8)
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